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FOREWORD 

I  AM  delighted,  but  not  surprised,  that  a  new  edition  of 
"Recent  Advances  in  Cytology"  has  been  called  for,  and  am 
fortunate  in  being  permitted  to  write  a  foreword  for  it.  The  book 
is  concerned  with  those  aspects  of  cytology  which  have  a  bearing 
on  genetics,  and  therefore  deals  mainly  with  the  nucleus.  But  a 
study  of  the  mechanics  of  nuclear  division  inevitably  involves  that 
of  extra-nuclear  structures  such  as  the  centrosome  ;  and  a  great 
deal  of  light  is  thrown  on  the  nature  of  protoplasm  by  its  peculiar 
behaviour  when  organised  on  the  spindle. 

Modern  cytology  has  two  very  remarkable  features.  Its  principles 
are  the  same  for  plant  and  animal  cells.  From  a  study  of  the 
chromosomes  in  the  Liliaceae  we  can  clear  up  previously  obscure 
phenomena  in  the  nuclei  of  the  Orthoptera,  and  conversely.  And 
the  remarkably  uniform  behaviour  of  nuclei  makes  deduction  and 
prediction  possible  on  a  very  much  larger  scale  than  in  any  other 
field  of  morphology  and  physiology.  Thus  the  principles  deduced 
largely  from  a  study  of  the  monocotyledons  led  to  the  prediction 
of  phenomena  which  were  verified  in  the  genetics  of  man. 

Further,  the  uniformity  of  the  nuclear  mechanisms  can  be 
extrapolated  with  great  confidence  into  the  past.  We  can  be 
reasonably  sure  that  an  Acanthodian  or  a  Pteridosperm  nucleus  was 
organised  on  modern  lines.  We  can  therefore  deduce  that  the 
principles  of  genetics  and  the  method  of  evolution  were  much  the 
same  in  remote  geological  epochs  as  they  are  to-day.  Just  because 
the  nuclear  mechanism  has  apparently  reached  the  limits  of  its  own 
evolution  it  furnishes  a  basis  for  the  evolution  of  other  characters. 
An  attempt  to  study  the  evolution  of  living  organisms  without 
reference  to  cytology  would  be  as  futile  as  an  account  of  stellar 
evolution  which  ignored  spectroscopy. 

The  first  edition  of  this  book  was  the  object  of  numerous  attacks. 
In  fact,  one  of  the  sessions  of  the  Sixth  International  Congress  of 
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Genetics  in  1932  was  mainly  occupied  in  disproving  Dr.  Darlington's 
conclusions.  However,  most  of  these  objections  have  been  quietly 
withdrawn  in  the  four  succeeding  years.  The  most  important 
correction  to  the  views  expressed  in  the  first  edition  has  been  made 
by  Dr.  Darlington  himself.  It  is  the  discovery  that  in  the  males  of 
Drosophila,  and  doubtless  of  other  Diptera,  where  there  is  no 
genetical  crossing-over,  the  meiotic  autosomal  bivalents  are  held 
together  not  by  chiasmata,  but  by  attraction  of  a  special  character. 

This  book  is  indispensable  not  only  because  of  the  discoveries  it 
describes,  but  almost  equally  on  account  of  the  coveries,  to  borrow 
a  word  from  Samuel  Butler.  A  fundamental  covery  is  that  the 
expressions  "  reductional  division  "  and  "  equational  division," 
those  bogies  of  our  schooldays,  are  meaningless.  For  a  given  section 
of  a  chromosome  either  meiotic  division  may  be  equational  or 
reductional.  A  teacher  of  biology  may,  for  the  sake  of  simplicity, 
neglect  some  of  the  more  recent  discoveries  in  cytology.  He 
cannot  neglect  such  a  covery  as  this. 

It  is  perfectly  possible  that  "  Recent  Advances  in  Cytology  " 
marks  a  turning  point  in  the  history  of  biology.  For  some  centuries 
the  deductive  method  in  the  biological  sciences  has  been  very 
properly  suspect.  But  first  in  genetics,  and  now  in  cytology,  we 
have  returned  to  it.  General  principles  have  been  discovered  of 
such  wide  validity  that  we  can  predict  from  them  with  considerable 
confidence,  and  on  the  rare  occasions  when  the  prediction  is  falsified, 
we  are  inclined  to  look  for  undetected  causal  agencies  rather  than  to 
recast  our  first  principles.  This  attitude  has  long  been  normal  in 
chemistry  and  physics.  Its  introduction  into  biology,  however 
unwelcome  it  may  be  to  conservative  biologists,  is  a  sign  of  the 
growing  unity  of  science. 

J.  B.  S.  HALDANE. 


PREFACE  TO 
THE  SECOND   EDITION 

Cytology  began  by  describing  what  sort  of  things  cells  were. 
It  continued  by  inferring  what  things  happened  inside  them.  Its 
last  and  longest  task  is  to  discover  why  these  things  happen. 
The  purpose  of  this  book  is  to  explain  what  questions  are  raised  by 
this  last  kind  of  enquiry,  and  how  some  of  them  may  be  answered. 

The  first  stage  of  simple  description  survives  in  cytology,  as  it 
must  needs  survive  until  it  has  embraced  the  whole  diversity  of 
living  organisms.  The  different  stages  of  development  therefore 
continue  side  by  side  to-day.  None  the  less  the  distinction  of 
method  between  the  old  and  the  new  is  profound.  To  many  it  is 
so  profound  as  to  be  unintelligible.  Finding  out  why  things  happen 
in  the  cell  is  an  entirely  different  matter  from  finding  out  how  they 
happen.  The  one  problem  is  a  matter  of  skill  and  common  sense. 
The  other  takes  us  into  a  new  element.  We  are  plunged  into 
inferences,  often  speculative  inferences,  which  connect  mechanics, 
physiology  and  genetics.  We  find  that  the  cell  is  part  of  an  inter- 
locking system  of  growth  and  reproduction,  heredity  and  variation. 
Everything  that  happens  in  the  cell  is  related  to  everything  else 
that  happens  in  the  organism,  or  indeed  has  happened  in  its  ancestors. 

It  is  impossible  at  one  and  the  same  time  to  deal  with  all  these 
dialectical  relationships.  I  can  describe  only  those  that  seem 
to  me  most  important  at  the  moment.  In  the  first  edition  I  took 
the  evolutionary  point  of  view  as  being  the  most  neglected  and  most 
necessary.  I  devoted  a  last  chapter  to  reconsidering  our  knowledge 
of  the  cell  from  this  point  of  view  ;  I  attempted  to  show  cell- 
processes  as  the  products  of  an  evolution  of  the  genetic  system 
which  in  changing  adapts  itself  to  its  own  requirements.  This 
theory  can  now  be  applied  with  greater  rigour  in  the  light  of  our 
increasing  knowledge  of  genotypic  control  and  in  the  light  of  the 
comparisons  and  experiments  embodied  in  the  chiasmatype  theory 
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of  crossing-over  and  the  precocity  theory  of  meiosis.  In  the 
present  edition  I  have  therefore  recast  the  whole  account  in  terms 
of  evolution.  I  have  shown  mitosis  as  giving  rise  to  meiosis  and 
sexual  reproduction,  diploidy  to  polyploidy  in  one  direction  and 
to  complex  heterozygosis  in  another.  I  have  represented  structural 
hybridity  as  the  basis  of  sexual  differentiation  and  I  have  deduced 
the  conditions  of  parthenogenesis  from  experimental  observations 
of  the  breakdown  of  sexual  reproduction. 

Such  a  treatment  leaves  the  other  relationships  of  cell-behaviour 
in  the  background.  Of  these  the  most  important  at  the  present 
moment  are  the  mechanical  relationships.  The  special  treatment 
that  I  previously  gave  to  evolution  I  now  therefore  devote  to  arrang- 
ing our  knowledge  of  chromosome  behaviour  and  nuclear  and  cell- 
division  to  reveal  the  laws  of  movement  and  enquire  into  their 
causes.  Ten  years  ago,  in  approaching  these  problems,  we  could 
scarcely  see  the  wood  for  the  trees.  Now  order  is  beginning  to 
appear.  Causal  relationships  are  being  established.  The  result, 
I  believe,  is  unmistakable.  Cell  structures,  having  a  size  inter- 
mediate between  those  of  molecular  and  macroscopic  systems, 
show  properties  of  movement  and  development  peculiar  to  their  own 
level  of  integration.  These  properties  depend  on  the  physiologic- 
ally active  contents  of  the  nucleus,  and  since  they  are  co-extensive 
with  heredity  as  we  understand  it,  their  study  becomes  a  necessary 
part  of  the  investigation  not  only  of  the  mechanics,  but  also  of  the 
physiology  of  heredity.  Thus  in  the  cell,  mechanics,  physiology 
and  physical  chemistry  are  being  brought  together  to  show  the 
unity  of  living  processes. 

I  have  to  thank  Professor  Haldane,  Dr.  Catcheside,  Dr.  Mather 
and  Miss  Upcott  for  reading  the  proofs.  I  am  indebted  to  Mr.  La 
Cour  and  Mr.  Osterstock  for  many  microphotographs,  and  to  the 
various  authors  acknowledged  for  the  use  of  numerous  text-figures. 

C.  D.  DARLINGTON. 
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CHAPTER   I 

CELL   GENETICS 

The  Cell  and  the  Nucleus — Differentiation — Reproduction — Asexual  and 
Sexual — Haploid  and  Diploid  Phases — Sexual  Differentiation — Genotype  and 
Environment — Their  Bearing  on  Chromosome  Behaviour — And  on  Sexual 
Differentiation. 

quippe,  ubi  non  assent  genitalia  corpora  cuique, 
qui  posset  mater  rebus  consistere  certa  ?  ^ 

Lucretius,  De  Rerum  Natura,  I,   167 — 168. 

I.  THE  NUCLEUS,  THE  CELL  AND  THE  ORGANISM 

(i)  The  Problem.  The  object  of  the  present  work  is  to  describe 
the  bodies  responsible  for  heredity,  to  show  how  they  live,  move 
and  have  their  being.  We  now  know  that  the  Atomists  were  right  ; 
there  are  such  bodies.  But  before  considering  them  we  must  see 
how  organisms  are  constructed,  how  they  reproduce  and  how 
heredity  expresses  itself.  Then  we  can  examine  the  genitalia 
corpora  and  better  understand  their  relations  with  heredity. 

(ii)  Structure.  The  living  organism  contains  certain  materials 
which  for  various  reasons  are  held  to  be  non-living.  Such,  for 
example,  are  the  skeletal  structures  of  plants  and  animals,  consist- 
ing largely  of  cellulose,  calcium  carbonate  or  chitin,  their  storage 
products,  such  as  starch,  fats  and  glycogen,  and  their  fluid  contents, 
such  as  cell  sap  and  blood  plasma.  The  rest  of  the  plant  or  animal 
body  is  described  for  convenience  as  the  living  substance  or 
protoplasm.    Various  non-living  substances,  such  as  water,  can  often 

^  For,  if  each  organism  had  not  its  own  begetting  bodies,  how  could  we 
with  certainty  assign  to  each  its  mother  ? 
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be  separated  from  it  without  altering  its  essential  character. 
Protoplasm  is  an  organ  of  behaviour,  not  a  chemical  entity. 

In  certain  organisms  no  differences  of  structure  have  yet  been 
detected  between  different  parts  of  the  protoplasm.  In  most 
bacteria  this  is  perhaps  due  to  their  small  size.  In  the 
Cyanophyceae  and  larger  bacteria,  differences  have  been  found,  but 
their  meaning  is  still  doubtful.  Elsewhere  it  is  always  possible  to 
distinguish  between  a  small  dense  nucleus  and  the  rest  of  the  living 
substance,  which  is  called  cytoplasm.  In  the  cytoplasm  other 
bodies  can  be  very  generally  made  out ;  they  are  known  generically 
as  chondriosomes  and  plastids.  They  are  very  widely  recognised, 
but  their  relation  with  one  another  in  different  groups  of  organisms 
are  not  always  clear.  It  is  known,  however,  in  the  flowering  plants 
that  plastids  differ  in  their  potentialities  for  developing  pigment 
and  sometimes  transmit  these  differences  permanently  and  indepen- 
dently of  other  genetic  influences.  This  can  be  shown  by  breeding 
experiments,  but  not  by  direct  observation  (Renner,  1934).  The 
nucleus,  on  the  other  hand,  can  be  seen  in  all  stages  of  development. 
It  is  always  carried  by  the  germ  cells  of  both  parents  in  sexual 
reproduction  and  is  the  only  structure  of  which  this  is  known.  It 
is  recognised  customarily  by  its  characteristic  method  of  propaga- 
tion. All  nuclei  arise  by  division  of  a  pre-existing  nucleus  into  two. 
To  do  this,  the  mother-nucleus  resolves  itself  into  a  number  of 
double  bodies,  the  chromosomes,  whose  halves  separate  to  form  two 
daughter  nuclei  which  are  exactly  equivalent,  and  all  the  descendants 
of  a  nucleus  derived  in  this  way  have  the  same  complement  of 
chromosomes.     This  process  is  known  as  mitosis. 

All  organisms  may  be  said  to  arise  from  bodies  of  protoplasm  with 
single  nuclei.  Each  of  these  is  described  as  a  single  cell.  In  the 
lowest  organisms  with  nuclei,  the  Protista,  growth  of  this  cell  is 
followed  by  its  division,  together  with  that  of  its  nucleus,  by  mitosis, 
and  the  separation  of  the  daughter  cells.  The  organism  thus  remains 
tmicellular  and  every  mitosis  is  an  act  of  reproduction,  but  instead 
of  one  individual  begetting  another,  one  individual  so  far  as  we  can 
see  simply  becomes  two.  The  external  simplicity  of  its  organisation 
is  not  always  associated  with  simplicity  of  structure  within  the  cell. 
Indeed,  while  the  Protista  embrace  the  simplest  organisms  they  also 


CELLS  AND  NUCLEI  3 

include  those  with  the  most  complex  development  within  the  cell. 
This  range  of  cellular  evolution  is  matched  by  a  range  of  form  of  the 
nucleus  and  of  its  methods  of  division  greater  than  that  found  in  all 
the  higher  animals  and  plants  (v.  Ch.  II),  as  is  indeed  appropriate 
in  what  must  necessarily  be  the  oldest  group  of  organisms.  In 
many  of  the  lower  organisms  (Myxomycetes,  Phycomycetes, 
some  Chlorophyceae)  division  of  the  nucleus  is  not  accom- 
panied by  division  of  the  cell,  that  is  of  the  whole  organism, 
which  in  consequence  comes  to  contain  many  nuclei ;  it  is 
multinucleate  although  we  may  still  take  it  to  be  unicellular.  Else- 
where, division  of  the  cell  into  two  compartments  takes  place  at  the 
same  time  as  division  of  the  nucleus.  The  daughter  cells  may  be 
separated  by  non-living  secretions  of  the  cell  with  a  connective  or 
cementing  function,  or  by  differentiated  parts  of  their  own  cytoplasm. 
The  organism  developing  in  this  way  is  said  to  be  midticellidar .  It 
reproduces  by  the  separation  of  either  single  cells  or  groups  of  cells 
from  the  main  body.  Both  unicellular  and  multicellular  organisms 
may  pass  through  a  multinucleate  stage  of  development,  e.g.,  at 
spore  formation  in  many  Protista,  in  the  germ  tubes  of  the  Basidio- 
mycetes  and  in  the  pollen  tubes  of  flowering  plants. 

Apart  from  these  special  conditions  the  term  "cell "  is  a  convenient 
designation  for  a  separate  body  of  protoplasm  containing  a  single 
nucleus. 

(iii)  Differentiation.  Certain  cells  may  reproduce  themselves 
by  mitosis  without  change  indefinitely  under  constant  conditions. 
This  is  true  of  many  Protista,  as  well  as  of  many  young  cells  of  the 
higher  animals  in  tissue  culture.  Change  of  conditions  leads  to  a 
change  in  appearance  or  behaviour  affecting  the  whole  Ufe  of  the 
organism,  such  as  encystation  in  the  Protista.  But  even  under  con- 
stant conditions  the  products  of  cell  division  are  usually  dissimilar 
from  the  parent  cell.  In  the  unicellular  Protista  in  which  a  series 
of  different  forms  occur  in  regular  or  irregular  sequence,  making 
up  the  "  life  cycle,"  the  daughter  cells  are  usually  like  one  another 
but  unlike  the  parent  cell.  This  may  be  spoken  of  as  differentiation- 
in-time.  In  multicellular  organisms  one  of  the  daughter  cells  is 
usually  unlike  either  the  parent  or  its  sister  ;  in  this  way  the 
organism  comes  to  consist  of  many  cells  of  different  forms  and 
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properties.  This  may  be  spoken  of  as  differentiation-in-space-and- 
time.  With  higher  organisation  (both  in  the  Protista  and 
elsewhere)  external  conditions  have  less  and  less  to  do  with  the 
direction  of  differentiation  of  particular  cells  although  they  continue 
to  modify  its  rate  and  consequently  affect  the  result  in  detail.  We 
may  say  that,  in  general,  the  greater  the  internal  capacity  for 
differentiation  the  less  the  special  reaction  to  external  changes. 

2.  REPRODUCTION 

(i)  Asexual  Reproduction.  Growth  and  reproduction  equally 
depend  on  increase  in  size  and  in  organisms  having  a  differentiation 
of  their  substance  into  nucleus  and  cytoplasm,  both  are  necessarily 
related  to  nuclear  division. 

In  the  unicellular  Protista,  in  which  each  individual  has  a  single 
nucleus,  or  a  pair  of  complementary  nuclei,  division  of  the  nucleus 
entails  division  of  the  whole  organism :  mitosis  is  an  act  of 
reproduction.  In  multicellular  organisms,  division  is  merely  a 
concomitant  of  growth.  In  these  under  suitable  conditions  such 
growth,  like  reproduction  in  the  Protista,  may  continue  indefinitely. 
Such  conditions  occur  in  the  higher  plants  where  vegetative  pro- 
pagation can  be  carried  on  without  limit,  either  naturally  in  the 
formation  of  bulbs,  runners,  viviparous  shoots  or  apomictic  seeds 
(to  which  special  consideration  will  be  given  later)  or  artificially  in 
propagation  by  cuttings  and  layers,  buds  and  grafts.  Many  species 
of  plants  and  animals  depend  for  their  preservation  on  these  purely 
asexual  or  "  vegetative  "  means  of  propagation.  This  is  usually 
associated  with  great  uniformity  within  the  species,  which  in  plants 
may  be  described  as  "  clones." 

Reproduction  by  mitosis  alone  can  therefore  continue  indefinitely. 
Cases  where  it  has  failed  to  do  so  and  where  vitality  can  then  be 
restored  by  sexual  reproduction  are  due  to  special  adaptation  to 
conditions  of  sexual  reproduction. 

(ii)  Sexual  Reproduction.  Sexual  reproduction  is  known  in  all 
groups  of  living  organisms  with  nuclei.  In  the  Flagellata  it  has 
only  been  established  in  three  genera  {cf.  M.  Robertson,  1929)  and 
in  the  Protista  as  a  whole  it  is  difficult  as  yet  to  estimate  its 
importance.     Elsewhere,  however,  whether  normally  or  in  some 
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modification,  it  is  an  essential  part  of  the  life  cycle  of  nearly  all 
species. 

Sexual  reproduction  consists  superficially  in  the  formation  and 
separation  from  the  rest  of  the  organism  of  single  cells,  the  germ- 
cells  or  gametes  (constituted  by  the  whole  organism,  in  the  Protista, 
and  by  a  specialised  part  of  it,  in  the  higher  plants  and  animals)  and 
their  subsequent  fusion  in  pairs  to  give  new  cells,  known  as  zygotes. 

Its  essential  genetic  characteristics  are  two.  The  first  was  seen 
by  Oscar  Hertwig  (in  1875)  to  consist  in  the  fusion  of  the  nuclei 
of  the  two  gametes.  Since  they  carry  the  same  number  of 
chromosomes  the  product  has  a  double  or  diploid  number.     This 
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Fig.  I . — The  life  cycle  of  an  alga  such  as  (Edogoniiim .  A  haploid  thallus 
produces  haploid  sperm  and  egg  cells  («)  which  fuse  to  give  a 
diploid  zygote  (2«).  This  undergoes  immediate  meiosis  to  give 
haploid  spores  from  which  a  new  thallus  develops. 

h  fertilisation.  The  second  was  predicted  by  Weismann  (in  1887). 
It  consists  in  the  compensating  process  of  reduction  or  meiosis. 
In  a  mother-cell  two  nuclear  divisions  follow  one  another  rapidly 
while  the  chromosomes  only  divide  once,  so  that  four  nuclei  are 
formed,  to  each  of  which  a  halved  or  haploid  number  of  chromosomes 
is  distributed. 

The  recurrence  of  fertilisation  and  meiosis  gives  two  types  of 
nuclei  in  each  sexually  reproducing  species,  the  diploid  or 
double  nucleus  of  the  zygote  and  the  haploid  or  halved  nucleus 
of  the  gamete.  Either  or  both  of  these  may,  in  different  species, 
continue  to  multiply  by  mitotic  divisions,  giving  a  number  of 
unicellular  organisms  or  one  multicellular  one,  so  that  we  have 
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three  types  of  reproductive  cycle,  according  to  the  importance  of 
the  diploid  or  haploid  phase,  as  follows  : 

(a)  Meiosis  immediately  follows  fertilisation  ("  zygotic 
reduction  ").  The  organism  is  then  always  haploid,  apart  from  the 
zygote. 

(b)  Fertilisation      immediately      follows      meiosis      ("  gametic 

Table  i 
Variation  in  the  Haploid  and  Diploid  Generations 


n  ._„i„  u 1   VI       Predominantly 

i        Reduction."        :     J^Slr). 

1 

Equally  Haploid 

and  Diploid 
(phases  similar). 

Predominantly 

Diploid 

(phases  dissimilar). 

Purely  Diploid, 
"  Gametic 
Reduction." 

H 
O 

Flagellata  (some)* 

Sporozoa-Coccidia . 

(e.g.,      Aggregata 

Dobell,  1925). 

Sporozoa-Gregarina 

(some). 

Rhizopoda     (some, 

e.g.,    Actinophrys, 

Belar,  1922).* 
Ciliata    [e.g., 

Paramoeciutn, 

Jennings,  1920). 
Sporozoa-Gregarina 

(some).' 

Ph 

Charophyta. 
Chlorophyceae 

(most). 
Phycomycetes. 
Ascomycetes.* 
Basidiomycetes.* 

Bryophyta.* 

Chlorophyceae 
(e.g.,Cladophora, 
spp.,Schussnig, 
1930,  1931). 
Rhodophyceffi 

(most). 
Phaeophyceae 
(most). 

Phaeophyceae  [e.g. , 

Latninaria). 
Myxomycetes 

(probably). 
Pteridophyta, 
Phanerogama.* 

Chlorophyceae  [e.g., 
Cladophora,  spp., 
Higgins,  1930). 

Phaeophyceas  [e.g., 
Fucus).* 

s 

< 

Icerya. 

All  Metazoa.' 

*  Most  are  non-sexual. 

*  Subordinate  phase  parasitic  on  predominant  phase. 

*  Some  have  one  mitosis  in  the  haploid  phase . 

*  V,  Infra. 

*  Except  males  of  those  with  haplo-diploid  sex-differentiation  [v.  Ch.  IX.). 

*  One  (female)  and  four  (male)  mitoses  in  the  haploid  phase. 

reduction  ").    The  organism  is  then  always  diploid,  apart  from  the 
gametes. 

(c)  A  mitotic  generation  is  intercalated  after  each  process. 
There  is  then  an  alternation  of  haploid  and  diploid  generations. 
The  single  cell  from  which  the  haploid  generation  is  derived,  follow- 
ing meiosis  in  the  diploid,  is  called  a  spore.  The  spore  mother-cell 
of  the  diploid  plant,  the  sporophyte,  produces  haploid  spores  from 
which  the  haploid  gametophytes,  known  as  "  prothaUia  "  in  the 
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Pteridophyta,  are  developed,  and  these  bear  the  haploid  gametes 
which  fuse  and  give  the  new  sporophyte.  The  gametophyte  and 
sporophyte  may  be  indistinguishable  from  one  another  morpho- 
logically (as  in  most  Rhodophyceae)  save  in  the  production  of  sexually 
differentiated  germ-cells  by  the  gametophyte  and  of  non-motile 
spores  by  the  sporophyte.  Usually,  however,  the  two  generations 
are  sharply  distinct  and  the  less  important  generation  (as  in  the 
Bryophyta  and  in  the  flowering  plants)  may  be  parasitic  on  the 
more  important  one.  Table  I  classifies  the  main  groups  of  animals 
and  plants  in  this  respect  (cf.  Belar,  1926  h  ;  M.  Robertson,  1929  ; 
Naville,  1931,  for  Protista ;  Correns,  1928,  for  Phanerogama ; 
Hartmann,  1929,  a  and  h,  for  lower  plants  ;  Witschi,  1929,  for 
Metazoa) . 

(iii)  Sexual  Differentiation  :  The  Gametes.  Sexual  differentiation 
consists  in  the  production  by  the  species  of  two  kinds  of  germ-cells 
which  are  complementary.  It  is  determined  by  the  same  kinds  of 
conditions  as  all  other  differentiation.  But  it  has  such  special 
importance  in  reproduction  and  in  the  evolution  of  particular  genetic 
mechanisms  that  it  requires  special  consideration. 

Sexual  differentiation  is  not  found  in  the  Flagellata, 
or  in  many  Phycomycetes  and  Chlorophyceae,  and  it  is  negligible  in 
the  Rhizopoda,  Gregarina  (Sporozoa)  and  in  the  Basidiomycetes 
and  other  Fungi. 

But  in  all  other  sexually  reproducing  organisms  including  many 
Algae  and  Protozoa  there  is  a  differentiation  between  a  small,  active 
or  motile  male  gamete,  a  spermatozoon  or  spermatozoid,  and  a  large, 
inactive  or  non-motile  female  gamete,  the  e^g  cell,  usually  charged 
with  nutritive  material  and  having  a  larger  nucleus. 

When  the  male  gamete,  or  the  spore  where  there  is  a  haploid 
generation,  arises  at  meiosis,  the  cytoplasm  of  its  mother  cell  is 
equally  divided  among  the  four  daughter  cells  (except  in  certain 
Diptera,  cf.  Metz,  1926,  and  in  the  Cyperaceae,  Piech,  1928).  The 
female  gamete  arises  (except  in  certain  Mollusca,  Turbellaria  and 
oogamous  Algae)  by  the  suppression  of  all  but  one  of  the  products  of 
meiosis.  This  one  becomes  the  egg  nucleus,  while  the  other  products 
are  extruded  as  the  "  polar  bodies,"  which  at  once  degenerate. 
Where  a  short  haploid  generation  occurs  (reduced  and  specialised  for 
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the  production  of  the  female  germ-cells,  as  in  the  higher  plants) 
an  intermediate  condition  is  found.     The  four  potential  spores  are 
almost  equal ;    the  gametophyte  may  then  develop  from  one  (cf. 
CEnothera,  Ch.  IX),  or  from  the  collaboration  of  all  four. 
It  is  of  particular  importance  in  studying  the  mechanism  and 
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Fig.  2. — Life  cycle  of  a  basidiomycete,  showing  diploidisation,  by 
which  the  haplophase  becomes  a  diplophase,  the  division  of 
conjugate  nuclei  and  the  cells  containing  them,  and  the  occur- 
rence of  meiosis  immediately  after  the  fusion  of  these  haploid 
nuclei  {cf.  Buller,  1931). 

material  basis  of  heredity  to  examine  the  male  gamete — sperm, 
"  antherozoid  "  or  "generative  nucleus"  of  the  pollen  grain.  The 
female  gamete  is  usually  an  over-developed  cell,  the  male  an  under- 
developed one  ;  that  is  to  say,  its  constituents  are  reduced,  and 
by  studying  their  reduction  we  can  see  what  is  essential,  and 
what  unessential,  in  carrying  the  contribution  of  one  parent  in 
heredity. 
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Its  development  [v.  Belar,  1928  h)  shows  that  the  simplest 
type  of  spermatozoon  in  the  higher  animals  {e.g.,  Stenobothnis) 
consists  of  four  constituents  :  (i)  Nucleus,  making  the  "  head  " 
of  the  sperm  ;  it  is  dense  and  stains  deeply  like  the  mitotic 
chromosomes.  (ii)  Centrosome,  a  cytoplasmic  body,  lying  at  the 
base  of  the  nucleus,  forming  the  "  middle-piece  "  and  often  divided  ; 
from  it  develops  the  axial  filament  of  the  "fiagellum"  or  tail, 
(iii)  Mitochondria,  cytoplasmic  bodies  making  the  sheath  of  the 
axial  filament,  (iv)  Undifferentiated  cytoplasm  making  a  thin 
coat  over  the  head  and  flagellum — part  of  the  cytoplasm  of  the 
parent  cell  having  often  been  rejected.  (C/.  Bowen,  1924 ; 
Schrader,  1929.) 

Sharp  (1920,  et  al.)  has  shown  that  the  development  of  the  male 
gamete,  the  "  spermatozoid,"  in  the  Pteridophyta  follows  the 
same  course.  It  is  possible  to  trace  the  origin  of  the  spermatozoid 
from  its  antecedents :  the  material  of  the  nucleus  and  the 
"  blepharoplast,"  which  corresponds  to  the  centrosome  and  the 
middle-piece  of  the  animal  spermatozoon  ;  it,  also,  is  concerned 
with  the  development  of  cilia  on  the  coat  of  the  spermatozoid.  The 
cytoplasm  from  the  mother-cell  is  left  behind  by  the  ripe  gamete. 
In  the  flowering  plants  it  is  possible  to  show  genetically  and 
cytologically  that  in  some  species  plastids  are  carried  into  the  egg 
cell  by  the  pollen  tube,  in  others  nothing  but  the  nucleus  passes 
from  the  male  parent  in  fertilisation. 

As  a  constituent  of  the  male  gamete  the  nucleus  alone  is  constant 
in  its  contribution.  All  functional  spermatozoa  contain  a  nucleus 
which  can  be  traced  to  one  of  the  four  bodies  of  chromosomes 
separated  at  meiosis.  In  certain  organisms  such  as  the  flat-worm 
Ancyracanthus  (Mulsow,  1912)  and  Filaria  (Meves,  1915)  the 
chromosomes  can  be  counted  as  discrete  bodies  in  the  live  and  ripe 
sperms.  The  non-nuclear  constituents,  on  the  other  hand,  are 
variable  in  the  proportion  of  their  contribution.  The  same  is  true 
of  the  antherozoids  of  the  lower  plants.  The  centrosome,  the  only 
other  permanent  structure  constantly  carried  by  the  sperm,  is 
actually  the  one  which  is  lost  by  the  egg  and  transmitted  on  the 
male  side  only. 

Both  sperm  and  pollen  grains  are  formed  on  occasion,  particularly 
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in  hybrids  with  irregular  meiosis,  with  a  disorganised  or  incomplete 
nucleus  or  with  a  multiple  nucleus.  Spermatozoa  with  either  too 
little  ("  oligopyrene  "  or  "  apyrene  "),  or  too  much,  nucleus  may 
develop  the  external  apparatus  of  a  sperm,  or  even  function  to  give 
progeny.  Kuhn  (1929  6)  found  that  sperms  lacking  certain  chromo- 
somes (the  X  and  Y)  functioned  in  fertilisation  in  Drosophila, 

When  pollen  grains  have  too  little  nucleus,  on  account  of  their 
more  complicated  vegetative  life,  they  do  not  produce  functional 
gametes  or  even  develop  as  far  as  their  vegetative  division  {cf. 
Ch.  VIII).  When  grains  with  too  much  nucleus  function,  they  are 
of  great  importance  in  connection  with  the  origin  of  polyploids  and 
unbalanced  forms  (Chs.  V,  VIII,  and  X). 

The  fusion  of  the  nuclei  in  fertilisation  usually  takes  place  directly, 
but  the  process  shows  great  variation.  The  two  bodies  of 
chromosomes  may  first  unite  at  the  mitosis  which  begins  imme- 
diately before  the  nuclei  meet  {e.g.,  Ascaris). 

Two  special  types  of  fertilisation  require  consideration.  In  some 
fungi,  fusion  of  nuclei  does  not  immediately  follow  the  fusion  of 
their  cells.  In  the  Basidiomycetes  the  haploid  spore  develops  into 
a  mycelium  containing  haploid  nuclei.  The  mycelium  is  at  first 
multinucleate,  but  later  cell-walls  are  formed  so  that  each  cell 
contains  one  haploid  nucleus  ;  this  is  the  haplophase.  Pairs  of 
cells  then  fuse,  derived  from  the  same  plant  or  mycelium  in  "  homo- 
thaUic "  species  or  from  different  mycelia  in  "  heterothallic " 
species.  But  their  nuclei  do  not  fuse  ;  they  exist  and  divide  at 
each  cell  division,  cohabiting  throughout  the  diplophase.  Eventually 
these  "  conjugate  nuclei  "  fuse  in  the  reproductive  organ,  the 
basidium,  and  the  next  division  is  meiosis  which  gives  the  four 
haploid  spores.  Thus,  while  the  cells  are  diploid  in  the  diplophase, 
the  nuclei  are  haploid.  Similar  conditions  are  found  in  the  Asco- 
mycetes  (cf.  Winge,  1935,  on  Saccharomyces).  The  significance  of 
this  remarkable  behaviour  will  be  considered  later  (Fig.  2). 

In  the  flowering  plants  one  kind  of  gametophyte,  the  pollen  grain 
or  microspore,  produces  the  male  gamete,  its  "  generative  nucleus," 
after  undergoing  two  haploid  mitoses  (cf.  Geitler,  1935),  while  the 
other,  the  embryo-sac  cell  or  megaspore,  produces  the  female 
gamete,   usually  after  three  mitoses,   together  with  seven  other 
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nuclei.     Fertilisation  is  a  double  process,  as  shown  by  Navashin 
and  Guignard  in  1899  (^/-  Stenar,  1928  ;  j0rgensen,  1928  ;  Dahlgren, 
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Fig,  3. — Life  cycle  of  a  flowering  plant,  an  hermaphrodite  dicotyledon, 
showing  the  history  of  one  pair  of  chromosomes  in  the  haploid, 
diploid  and  triploid  phases. 

1927,  1930  ;  Gerassimowa,  1933  on  Crepis  ;  Poddubnaja-Arnoldi 
and  Dianowa  (1934)  on  Taraxacum ;  Hoare  (1934)  on  S cilia ; 
Mahony  (1935)  on  Fagopyrum  ;    cf.  Shimamura  (1935)  on  Ginkgo). 


12  CELL   GENETICS 

The  male  gamete  migrates  through  the  cytoplasm  of  pollen-tube 
and  embryo-sac  and  fuses  with  the  egg  nucleus.  A  second,  sister, 
generative  nucleus  fuses  with  the  product  of  fusion  of  two  "  polar 
nuclei  "  in  the  embryo-sac  to  give  the  "  triple  fusion-nucleus  " 
from  which  the  nutritive  endosperm  develops,  a  new  "  triploid  " 
organism  with  three  nuclear  complements,  and  independent  of  its 
sister  embryo  (Fig.  3).  It  has  been  shown  that  this  second 
fusion  may  sometimes  fail  in  Zea. 

The  female  gametophyte,  or  embryo-sac,  and  the  two  new  plants, 
embryo  and  endosperm  derived  from  it,  although  morphologically 
mere  organs  of  the  parent  sporophyte,  are  genetically  three  distinct 
individuals.  Since  the  endosperm  is  preponderantly  maternal  in 
origin  (as  shown  cytologically  by  its  origin  and  genetically  by  the 
properties  it  inherits)  and  its  development  is  essential  to  the  develop- 
ment of  the  embryo,  for  which  it  provides  nutritive  material,  it 
follows  that  differences  in  seed  production  in  reciprocal  crosses 
between  species,  such  as  are  frequently  observed  in  the  angiosperms, 
may  be  referred  to  the  different  relationships  between  embryo  and 
endosperm  (cf.  Thompson,  1930 ;  Watkins,  1932  ;  Kihara  and 
Nishiyama,  1932)  as  well  as  to  the  relationship  between  the  pollen 
and  the  maternal  tissue  which  is  concerned  with  incompatibility. 

The  new  individual  always  arises  from  the  fusion  of  the  two 
germ-cells,  and  no  others  contribute  normally.  But  it  has  been 
possible  to  show  genetically  that  two  fertilisations  may  take  place 
side  by  side  and  the  products  join  together  to  give  a  mosaic  individual 
{cf.  Ch.  XI).  In  such  cases  probably  another  cell,  the  second  polar 
body,  functions  as  an  auxiliary  egg-cell.  It  is  possible  also  that 
two  pollen  grains  may  function  in  fertilising  the  same  egg-cell, 
both  fusing  with  its  nucleus,  to  give  a  triploid  individual  (Ishikawa, 
1918,  on  CEnothera). 

3.  HEREDITY 

(i)  Genotype  and  Environment.  Heredity  is  the  property  that 
organisms  have  of  reproducing  their  like.  It  must  be  supposed, 
deterministically,  that  organisms  carry  something  that  they  give  to 
their  offspring,  and  that  this  "  something  "  determines  the  likeness. 
Under  the  simplest  conditions,  in  the  asexual  reproduction  of  a 
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clone  or  the  sexual  reproduction  of  an  inbred  race,  it  is  always 
found  that  the  likeness  is  imperfect  ;  further,  the  lack  of  likeness  is 
not  inherited,  but  is  evidently  due  to  the  effect  of  different  external 
conditions  on  the  organism.  This  principle  was  first  clearly 
recognised  by  Louis  de  Vilmorin.  It  was  expressed  by  Weismann 
in  the  notion  that  the  likeness  was  due  to  the  constant  properties 
of  the  germ-plasm,  which  was  handed  down  unchanged  from 
generation  to  generation.  Finally,  it  was  developed  by  Johannsen 
(1911,  et  at.)  into  the  notion  that  the  properties  of  an  individual 
were  the  product  of  the  reaction  of  its  genotype,  or  type  of  germ- 
plasm,  and  the  environment.  On  this  notion  genetical  theory  is 
built. 

Environment  requires  a  word  of  explanation.  A  fern  may 
abnormally  produce  a  prothallium  vegetatively,  and  although  the 
two  must  be  supposed  to  have  the  same  genotype  their  growth  is 
entirely  different.  The  reason  is  that  although  the  two  are  separate 
individuals  their  development  is  conditioned  by  the  circumstances 
of  their  origin,  and  the  difference  between  them  is  simply  a  form  of 
differentiation,  the  method  of  which  is,  like  all  other  properties,  a 
product  of  the  genotype-environment  reaction.  So  also  with  the 
various  kinds  of  life  cycle  in  the  Protista  :  these  are  in  different 
degrees  subject  to  the  variation  in  external  conditions,  but  the 
different  degrees  of  this  subordination  are  to  be  considered  a  property 
of  the  genotype.  Thus  the  visible  properties  of  the  organism  (its 
phenotype)  are  the  product  of  the  reaction  of  its  genotype  with  its 
environment.  Further — and  this  is  most  important  in  the  present 
study  of  cytology — differences  in  the  properties  of  individual  cells 
and  nuclei  of  organisms  may  be  referred  to  one  of  four  determining 
conditions  :  (i)  differences  of  genotype  ;  (ii)  differences  in  relation 
to  development  or  life-history  (i.e.,  in  the  differentiation  in  space  or 
time)  ;  (iii)  differences  in  environment.  A  fourth  condition  will 
later  be  seen  to  be  important  in  the  special  circumstances  of  germ- 
cell  formation  in  hybrids — the  occurrence  of  differences  between 
corresponding  chromosomes.  These  conditions  must  constantly  be 
borne  in  mind  in  attempting  to  analyse  the  behaviour  of 
chromosomes. 

When  therefore  a  particular  character  in  an  organism  is  said  to 
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be  due  to  heredity  or  due  to  the  environment,  or  a  particular  problem 
is  said  to  be  "  genetical  "  or  "  physiological,"  the  statement  is 
merely  relative  and  depends  on  convenience  of  comparison  with 
some  ideal  or  "  normal  "  heredity  or  environment.  This  implication 
is  often  forgotten  because  the  "  normal  "  condition  seems  so  obvious. 
Yet  it  is  not  at  all  obvious  in  cases  where  a  condition  of  revealing 
the  character  is,  as  is  often  the  case  in  considering  chromosome 
behaviour,  differentiation  within  the  organism.  An  abnormal 
property  of  part  of  the  cells  in  one  organism  may  be  said  to  be 
determined  by  an  environmental  difference  between  these  cells  and 
the  rest  of  the  organism  ;  it  may  also  with  equal  correctness  be  said 
to  be  determined  by  a  genetic  difference  between  this  organism  and 
other  organisms.  For  example,  the  formation  of  testes  and  ovaries 
by  different  cells  of  the  same  hermaphrodite  is  primarily  a  genetic 
property,  just  as  is  the  formation  of  testes  and  ovaries  in  different 
males  and  females  of  a  species,  but  while  the  first  is  immediately 
determined  by  a  developmental  difference  (differentiation)  the 
second  is  immediately  determined  by  a  genetic  difference. 

Take  another  instance  of  great  importance  in  cytology  where, 
after  a  number  of  mitotic  divisions,  a  diploid  nucleus  suddenly 
divides  by  meiosis.  The  difference  in  behaviour  of  the  nucleus  at 
different  times  shows  it  to  be  subject  to  differentiation,  as  are  the 
larger  structures.  It  is  also  subject  to  genetic  control,  as  shown  by 
comparison  with  other  organisms  having  no  meiosis.  Where,  on 
the  other  hand,  meiosis  occurs  immediately  after  fertilisation,  it  is 
equally  possible  to  regard  it  as  determined  directly  by  the  diploid 
condition  and  not  by  genetically  controlled  differentiation  since  all 
the  following  mitoses  might  equally  take  the  form  of  meiosis  in  a 
diploid  nucleus. 

Now,  our  task  is  to  find  the  materials  whose  properties  answer 
to  the  abstract  description  of  the  genotype.  They  must  be  embodied 
in  "  permanent  "  structures ;  that  is  to  say,  the  structures  themselves 
must  be  stable,  and  they  must  be  capable  of  reproducing  themselves 
identically. 

These  permanent  structures  are  found  in  the  nucleus  at  the 
resting  stage  and  in  the  chromosomes  during  mitosis.  The  nucleus 
and  its  chromosomes  alone  amongst  visible  structures  are  handed 
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down  from  cell  to  cell  and  from  generation  to  generation  in  all 
organisms.  In  describing  them  it  will  be  necessary  to  show  their 
bearing  on  the  genotype  and  vice  versa.  For  this  purpose  a  point 
of  view  is  necessary  rather  different  from  the  usual  one,  for  while 
the  chromosomes  contain  the  "  something  "  which  we  identify  with 
the  genotype  they  themselves  cannot  be  directly  identified  with  it. 
Their  form  and  behaviour  have  special  properties  of  continuity  and 
autonomy,  but,  as  we  have  already  seen  in  regard  to  meiosis,  they 
are  nevertheless  controlled  within  certain  limits  by  this  "something." 
This  also  will  have  to  be  constantly  borne  in  mind. 

(ii)  Conditions  of  Sexual  Differentiation.  Sexual  differentiation 
consists  in  the  production  of  two  different  kinds  of  germ  cells  by  the 
sexually  reproducing  species,  and  this,  as  already  shown,  can  be 
attributed  to  differences  in  one  of  three  conditions  :  environment, 
position  in  development,  genotype.  The  first  two  arise  without 
genetic  differences,  the  third  by  the  segregation  of  such  differences 
at  meiosis.  A  few  examples  will  provide  an  illustration  of  the 
characteristic  way  in  which  these  three  methods  operate. 

(a)  Environment.  When  a  fertilised  egg  of  Bonellia  viridis 
(Echiuroidea)  falls  free  it  develops  into  a  female  ;  when  it  falls  on 
the  proboscis  of  a  female  it  develops  into  a  male  which  is  parasitic 
on  the  female  (Baltzer) .  Differences  of  genetic  constitution  and  of 
position  in  development  therefore  have  no  influence  on  the  kind  of 
gametes  produced  by  the  organism.  The  external  environment 
alone  is  decisive.  In  the  worm  Di^iophiliis ,  a  parental  difference  is 
decisive,  for  large  eggs  develop  into  females  and  small  eggs  into 
males  (cf.  Goldschmidt,  1920;   Shen,  1936). 

(h)  Development,  {a)  Differentiation  in  space  :  in  hermaphrodite 
plants  and  animals  the  kind  of  gamete  to  be  produced  by  a  given 
mother-cell  is  determined  by  its  position  in  the  body.  In  Actinophrys 
sol  (Belar,  1926  b)  the  two  products  of  one  cell-division  remain 
attached  and  undergo  meiosis  side  by  side,  each  expelling  two 
"  polar  bodies."  They  then  fuse,  the  one  which  completes  its 
reduction  first  taking  the  initiative.  This  is  the  minimum  of 
differentiation  and  is  probably  conditioned  by  difference  of  position 
as  in  a  multicellular  hermaphrodite,  {b)  Differentiation  in  time  :  in 
some  plants  or  animals  {e.g.,  protandrous  MoUusca,  Rana  sometimes 
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and  Cannabis  sativa)  the  kind  of  gamete  is  determined  by  the 
period  of  its  development,  and  an  individual,  which  at  one  time 
produces  exclusively  male  gametes,  later  produces  exclusively 
female. 

(c)  Genotype.  In  Sphcerocarpus  Donnellii  (Allen,  1919  ;  Lorbeer, 
1927)  the  diploid  sporophyte  produces  two  kinds  of  haploid  spores. 
One  develops  into  prothallia  with  only  female  gametes,  the  other 
into  prothallia  with  only  male  gametes  independently  of  any 
variation  in  environmental  or  developmental  conditions. 

Thus  it  will  be  seen  that  in  the  second  type,  differentiation  of 
cells  arises  directly  within  the  individual.  It  is  a  primary  differentia- 
tion. In  the  first  and  third  types  it  arises  from  a  differentiation 
of  the  individuals  which  bear  the  cells.  It  is  a  secondary 
differentiation.  The  differentiations  within  and  between  individuals 
may  equally  be  genetically  determined,  and  this  introduces  a 
source  of  confusion.  The  genetic  determination  of  sex  within  an 
individual  depends  on  genetically  determined  differentiation  within 
that  individual,  and  does  not  differ  in  this  from  any  other  such 
differentiation.  The  genetic  determination  of  sex  between  indi- 
viduals depends  on  a  special  mechanism,  the  segregation  of  dis- 
similar genotypes  in  a  heterozygous  parent  at  meiosis.  The 
investigation  of  this  mechanism  is  an  important  part  of  chromosome 
studies.  But  it  must  be  remembered  that  the  chromosome 
mechanism  of  segregation  is  merely  the  switch  which  sets  the 
organism  on  one  of  two  alternative  paths  of  development. 

This  classification  is  sufficient  for  a  large  number  of  cases,  but  for 
others  a  further  analysis  is  convenient.  Thus  in  the  Metazoa,  not 
the  haploid  but  the  diploid  is  genetically  differentiated  in  regard  to 
the  sex  of  the  gamete  produced.  And  since  the  two  sexes  are 
equally  produced  by  the  fusion  of  the  opposite  kinds  of  gametes  one 
of  these  must  be  composed  genetically  of  two  types.  The  kind  of 
gamete  formed  is  not  therefore  determined  b}^  its  own  genetic 
constitution,  but  by  that  of  the  diploid  parent  which  bears  it.  The 
same  principle  applies  to  the  flowering  plants  where  the  sexual 
properties  of  the  whole  haploid  generation  are  similarly  determined 
by  the  constitution  of  the  parent,  whether  male,  female,  or  herma- 
phrodite, on  which  it  is,  in  effect,  parasitic.     Thus  the  immediate 


DEFINITION   OF  SEX  17 

condition  of  this  differentiation  is  an  environmental  difference, 
but  a  prior  condition  is  a  genetic  difference. 

The  special  conditions  of  haplo-diploid  sex  differentiation  will  be 
considered  later. 

Since  sexual  differentiation  necessarily  restricts  the  possibility  of 
fusion  to  gametes  of  opposite  character  and  therefore  often  of 
different  origin,  other  types  of  differentiation  having  a  restrictive 
effect  on  fusion  are  often  classified  with  it.  Thus  in  certain  Protista, 
Fungi,  and  Algae,  fusion  is  restricted  to  cells  having  a  different 
genetic  constitution.  This  is  described  as  "  heterothallism  "  in  the 
Phycomycetes  and  Basidiomycetes,  and  "  physiological  anisogamy  " 
in  the  Chlorophyceae  and  "  relative  sexuality "  in  Ectocarpus 
(Hartmann,  1929).  Such  behaviour  is  analogous  in  genetic  cause 
and  contraceptive  effect  with  self-sterihty  in  the  flowering  plants  ; 
all  these  kinds  of  incompatibility  demand  fusion  of  gametes 
that  are  genetically  different.  The  genetical  types  of  gametes  are 
usually  of  several  different  kinds,  and  the  system  is  not  alternative. 
Sexual  differentiation,  on  the  other  hand,  is  strictly  alternative, 
and  its  essential  property  is  the  provision  of  gametes  so  differentiated 
as  to  secure  readier  fusion  and  more  successful  development  of  the 
product.  Sexual  differentiation  demands  the  fusion  of  gametes 
that  are  morphologically  different. 

IncompatibiUty  and  sexual  differentiation  are  therefore  distinct 
in  their  genetical  basis  and  in  their  physiological  function.  When 
sexual  differentiation  comes  secondarily  to  be  determined  by 
genetic  differentiation,  the  two  agree  in  securing,  wholly  or  partly, 
the  fusion  of  genetically  distinct  gametes,  i.e.,  hybridisation,  in  a 
broad  sense.  The  importance  of  distinguishing  them,  however, 
remains,  for  incompatibility  may  be  superimposed  on  sexual 
differentiation  of  gametes  in  hermaphrodites  and  serve  the  end  of 
encouraging  hybridisation  where  genetic  determination  of  sex  has 
failed  to  do  so. 

To  conclude,  botanists  and  zoologists  who  take  too  little  account 
of  one  another's  work  have  introduced  a  confusion  into  the  use  of 
the  word  sex.  This  confusion  can  be  avoided  by  using  the  word 
with  a  consistent  genetic  meaning  in  all  plants  and  animals.  It 
will  be  applied  to  the  two  following  relationships  : — 
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1.  Sexual  Reproduction,  i.e.,  propagation  co-ordinating  meiosis  and 
fertilisation  in  the  life  cycle.  It  has  originally  the  function  of 
recombining  genetic  differences.  Its  antithesis  is  asexual  repro- 
duction, where  the  co-ordination  does  not  occur  either  through  the 
absence  of  the  system  or,  as  in  Apomixis,  through  its  breakdown, 
partial  or  complete. 

2.  Sexual  Differentiation,  i.e.,  the  production  by  a  sexually  repro- 
ducing group  of  organisms  of  larger  (female,  ?)  germ  cells,  which  are 
fertilised  by  smaller  [male,  c^)  germ  cells.  Two  degrees  of  sexual 
differentiation  occur  ;  first,  differentiation  between  the  cells  them- 
selves, or  heterogamy  ;  and  secondly,  differentiation  between  the 
individual  organisms  that  bear  them,  or  dioecism.  Heterogamy 
has  originally  the  function  of  economy  in  allowing  fertilisation  by 
motile  germ  cells  at  a  distance  to  be  combined  with  the  provision 
of  food  materials  for  the  product  by  non-motile  cells.  It  thus 
increases  the  scope  of  cross-fertilisation  and  enlarges  the  inter- 
breeding group.  Its  antithesis  is  isogamy.  Dioecism  has  originally 
the  function  of  ensuring  cross-fertilisation  and  of  differentiating  the 
work  of  reproduction.  Its  antithesis  is  monoecism  or  herma- 
phroditism. Incompatibility  and  heterothallism  are  restrictions  of 
sexual  reproduction,  analogous  in  effect  to  sexual  differentiation, 
but  distinct  from  it  inasmuch  as  they  do  not  depend  on  a  contrast 
in  size  of  the  germ-cells  and  may  be  found  with  it  or  without  it. 


CHAPTER   II 

MITOSIS:    THE  CONSTANCY  OF  THE  CHROMOSOMES 

The  Resting  Nucleus — The  Behaviour  of  the  Chromosomes — Abnormal 
Forms  of  Mitosis — The  Structure  of  the  Chromosomes — Constrictions — Spiral 
Structure — Permanence  and  Division  of  the  Chromosomes. 

Make  me  to  see't  ;    or  at  the  least  so  prove  it 
That  the  probation  bear  no  hinge  or  loop 
To  hang  a  doubt  on. 

Shakespeare.     Othello,  Act  III,  Scene  3. 

I.  THE  RESTING  NUCLEUS  :  NUCLEOLI 
The  nucleus  is  a  body  denser  than  the  surrounding  cytoplasm, 
for  in  centrifuged  cells  it  passes  to  the  periphery  of  the  cell 
(Beams  and  King,  1935).  It  is  also  more  viscous,  and  dehydration 
shrinks  it  less  than  the  cytoplasm.  It  is  usually  globular,  except 
in  certain  specialised  tissues  or  when  it  degenerates.  It  is  a  smooth- 
surfaced  body  with  a  sharp  boundary  between  it  and  the  cytoplasm. 
There  is  no  reason  to  suppose  that  it  is  enclosed  by  a  membrane 
distinct  from  the  materials  within  and  without  it,  although  such  a 
membrane  may  be  formed  under  the  stimulus  of  micro-dissection. 
On  the  other  hand  the  cychcal  changes  that  will  be  described  in  the 
life  of  the  nucleus  are  not  related  to  similar  changes  in  the  cytoplasm. 
Their  interface  must,  therefore,  behave  as  a  kind  of  semi-permeable 
membrane  separating  two  independent  systems  {cf.  Ch.  XII). 

The  living  nucleus  is  often  optically  homogeneous,  but,  as  will 
be  seen,  this  does  not  necessarily  imply  any  physico-chemical 
homogeneity. 

The  size  of  the  nucleus  is  subject  to  great  variation,  not  only  as 
between  different  organisms,  but  also  within  the  same  organism. 
In  bulk  it  may  best  be  compared  with  the  chromosomes  into  which 
it  resolves  itself  at  mitosis,  for  these  are  of  relatively  constant  size. 
The  micronucleus  of  the  infusorian  is  little  if  at  all  bigger  than  the 
mitotic  chromosomes.     The  nucleus  in  the  male  gametes  and  in 
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some  body  cells  may  be  only  two  or  three  times  their  bulk.  But  in 
the  egg  cells  of  some  of  the  higher  animals  and  in  the  vegetative 
nuclei  of  pollen  grains,  for  example,  the  nucleus  may  be  lo*  or  lo^ 
the  size  of  the  chromosomes  {e.g.,  Malva,  Nemec,  1910,  Tischler, 
1922). 

Special  genetic  conditions  may  affect  the  relation  of  the  bulk  of 
the  chromosomes  to  that  of  the  nucleus,  for  in  the  male  bee  with 
half  the  number  of  chromosomes  of  the  female  the  nuclei  are  of 
similar  size  in  corresponding  cells  (Nachtsheim,  1913,  cf.  Sclirader 
and  Hughes-Schrader,  1931  ;  Torvik,  1931  ;   v.  Ch.  IX). 

This  variation  in  size  bears  some  relation  to  the  variation  in  size 
of  the  cell  in  the  same  organism  (the  Kern-plasma  ratio).  When 
different  organisms  are  considered  the  volume  relationship  is 
apparently  subject  to  genetic  control  (e.g.,  Tradescantia,  Ch.  Ill, 
Fig.  12).  Under  the  same  genetic  conditions  doubling  of  the  size 
of  the  nucleus  (by  doubling  the  number  of  its  constituent 
chromosomes)  leaves  the  volume  relationship  unchanged  in  most 
cases  (Ch.  VIII). 

In  almost  all  resting  nuclei  are  embedded  one  or  more  amorphous, 
spherical  or  occasionally  rod-shaped  bodies  of  higher  density  and 
refractiveness  than  the  surrounding  ground  substance  (Fig.  4). 
These  are  called  nucleoli.  They  occupy  in  all  not  more  than  one- 
twentieth  to  one-fiftieth  of  the  total  volume  of  the  nucleus  and 
characteristically  lie  away  from  the  surface.  With  appropriate 
fixation  the  nucleoli  stain  deeply  with  basic  dyes  [cf.  Zirkle,  1928, 
1 931).  They  do  not,  as  a  rule,  give  the  thymo-nucleic  acid  reaction 
with  Feulgen's  stain  which  is  characteristic  of  chromosomes  (cf. 
Geitler,  1935,  h  on  Spirogyra),  but  they  may  do  so  in  some  circum- 
stances so  that  the  distinction  is  not  absolute.  As  a  rule  they 
break  up  and  gradually  disappear  as  the  nucleus  begins  to  divide, 
i.e.,  at  prophase,  and  are  reconstituted  at  the  beginning  of  the  next 
resting  stage.  For  these  reasons  they  cannot  be  supposed  to  have  any 
genetic  significance  or  any  physiological  continuity  with  the  chromo- 
somes as  a  whole. 

Owing  to  its  greater  density  the  nucleolus  may  be  expelled  from 
the  nucleus  by  centrifuging  (Andrews,  1915  ;  Nemec,  1929  a).  It 
may  then  persist  in  the  cytoplasm  as  long  as  twenty-seven  days, 
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and  only  gradually  disappear.  Similarly,  on  account  of  its  density, 
the  nucleolus  lies  at  the  bottom  of  the  large  nucleus  in  an  echinoderm 
egg.  When  the  egg  is  rotated  the  nucleolus  appears  to  fall  to  the 
bottom  again  (Gray,  1927).  Presumably  this  is  due  to  a  movement 
of  the  nucleolus  in  the  nucleus  and  not  to  a  movement  of  the  nucleus 
itself. 

In  the  Protista,  nucleoli  vary  greatly  in  form,  position  and 
behaviour  (cf.  Belar,  1926  h).  In  some  species,  nucleoli  may  lie  on 
the  periphery  of  the  nucleus  [e.g.,  Amoeba  terricola).  In  other 
species  they  are  numerous  and  rod-shaped,  resembling  chromosomes 
(e.g.,  Euglypha).  In  others  again  an  internal  structure  can  be 
distinguished  (e.g.,  Chilodon).  Nucleoli  are  not  found  in  the  small 
compact  nuclei  of  the  generative  cells  of  animals,  but  they  are 
sometimes  found  in  those  of  plants  (Upcott,  1936  b).  As  a  rule  they 
increase  in  size  with  the  resting  nucleus.  In  the  alga  Acetabiilaria, 
Hammerling  (1932)  found  that  the  nucleus  grew  with  the  plant, 
without  any  division,  and  as  it  grew  the  nucleoli  fused  and  developed 
into  a  single  large  branched  body  proportionate  to  the  size  of  the 
nucleus. 

The  nucleoli  are  occasionally  found  to  persist  to  metaphase  of 
mitosis.  Sometimes  this  is  clearly  abnormal,  as  in  the  gametophyte 
(poUen  grain)  of  hybrid  plants  (D.,  1929  c,  in  Tradescantia  spp.). 
Sometimes  it  is  characteristic  of  a  species  (e.g.,  in  Tulipa,  Upcott, 
unpublished ;  Fritillaria,  Frankel,  1936),  and  in  the  lower  organisms 
the  nucleoli  may  be  extruded  into  the  cytoplasm  and  lost,  or  even 
divide  and  pass  into  the  daughter  nuclei  (Belar,  1926  b,  Chlamy- 
dophrys  Schaudinni).  In  some  species  of  Spirogyra  nucleolar 
behaviour  is  like  that  in  higher  plants.  In  others  the  chromosomes 
become  embedded  in  the  nucleolus  during  the  prophase  and  remain 
so  until  telophase,  the  nucleolar  mass  dividing  to  the  two  poles. 
In  others  again  the  nucleolus  behaves  in  an  intermediate  way ;  it 
is  shed  by  the  chromosomes  at  the  end  of  prophase  and  the  chromo- 
somes then  become  larger  (Geitler,  1935  a  and  b).  Nucleolar  and 
chromosome  material  thus  seems  to  be  spatially  interchangeable. 
In  the  higher  plants,  e.g.,  in  Zea  Mays,  these  bodies  degenerate  on 
reaching  the  poles  and  do  not  enter  the  new  nuclei  (Yamaha  and 
Sinoto,  1925  ;  Zirkle,  1928, 1931).     Such  bodies  in  Amoeba  verrucosa 
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have  been  called  "  chromatin  nucleoli,"  but  we  need  not  ascribe 
any  special  virtue  to  this  persistence  ;  a  rapidity  of  prophase 
changes  or  a  greater  viscosity  of  the  nucleus,  as  Belar  suggests,  may 
be  held  responsible. 


2.  THE  MOVEMENTS  OF  THE  CHROMOSOMES 

(i)  Introduction.  Nuclei  divide  by  the  characteristic  process  of 
mitosis  in  the  course  of  which  the  whole  nucleus,  apart  from  the 
nucleoh,  resolves  itself  into  longitudinally  split  threads,  the  chromo- 
somes. Recent  work,  particularly  on  the  Protista,  has  shown 
that  certain  features,  precisely  those  of  genetic  significance,  are 
universal.  Mitosis  can  accordingly  be  defined  by  its  essential 
properties  as  :  the  separation  of  the  identical  halves  of  the  split 
chromosomes  into  two  identical  groups  from  which  two  daughter  nuclei 
are  reconstituted.  Consequently  it  may  also  be  said  that  mitosis 
is  the  process  by  which  a  nucleus  gives  rise  to  two  daughter  nuclei 
each  morphologically  equivalent  to  one  another. 

The  longitudinal  splitting  of  the  chromosomes  was  first  observed 
by  Flemming  in  1880.  Its  physiological  meaning  was  pointed  out 
by  Roux  in  1883  :  if  equivalent  nuclei  can  only  be  produced  by 
such  longitudinal  splitting  then  the  chromosomes  must  be 
longitudinally  differentiated  in  their  physiological  properties. 
Experiment  has  now  shown  this  conclusion  to  be  valid  (v.  Ch.  VIII). 

There  are  two  kinds  of  nuclear  division  :  simple  mitosis  and 
double  mitosis  associated  with  the  reduction  in  the  number  of  the 
chromosomes  ;  this  is  merely  an  abnormality  of  the  simple  mitosis, 
but  it  is  convenient  on  account  of  its  special  character  to  refer  to  it 
as  meiosis  in  contradistinction  to  mitosis,  the  normal  type  which  we 
are  now  going  to  consider. 

(ii)  Prophase.  The  prophase  of  a  mitotic  division  is  first 
indicated  by  the  appearance  of  coiled,  contorted  threads  which  as  a 
rule,  but  not  always,  are  evenly  spaced  throughout  the  whole  body 
of  the  nucleus.  These  structures  can  be  observed  in  living  cells 
as  well  as  after  fixation  and  staining  (Plate  XVI,  cf.  Lucas  and 
Stark,  1 931)  although  in  living  material  the  nucleus  first  appears 
granular.     The  granulation  is  reasonably  supposed  to  represent  an 
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microphotographs  reproduced  by  kind  permission  of 
Dr.  M.  S.  Navashin 

Fig,  I. — Section  of  root-tip  of  Crepis  dioscoridis,  in  =  8.  Notice  the 
four  chromosome  types  in  all  metaphases,  and  also  various  stages  of 
prophase  and  telophase  of  mitosis.  Navashin-hsematoxylin  sectioned 
preparation,      x   250. 

Fig.  2. — Outer  metaphase  plate  at  i  o'clock  in  Fig.  i.  x  2300. 
The  chromosome  lying  right  and  left  at  6  o'clock  in  the  plate  is  from 
another  cell  and  is  out  of  focus  in  this  photograph. 

Fig.  3. — Metaphase  of  mitosis  in  root-tip  of  triploid  Crepis  capillaris 
{2n  =  3^;  =  9).  Of  the  three  D  chromosomes  one  has  a  large  trabant 
and  two  a  small  one.      X   3000  {v.  Text). 
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optical  section  through  the  coiled  threads  which  are  later  clearly 
distinguishable  (Belar,  1929  h). 

In  the  most  favourable  material  it  is  possible  to  see  at  the  earliest 
stage  that  the  threads  are  double,  and  it  is  probable  therefore  that 


M.  £.A.  Lj\.  T 

Fig.  4. — The  mitotic  cycle  in  a  nucleus  with  four  recognisable 
chromosomes,  one  having  a  subterminal  centromere  has  a 
nucleolar  constriction.  U.S.,  resting  stage.  E.P.  and  L.P., 
early  and  late  prophase  (with  dividing  centrosome  and  disappear- 
ing nucleolus).  M.,  metaphase  (with  spindle).  E.A.  and  L.A., 
early  and  late  anaphase.     T.,  telophase. 


this  is  their  universal  characteristic  throughout  prophase  (Ch.  IX). 
The  double  threads  can  be  traced  in  their  development  until 
metaphase,  when  they  are  recognised  as  chromosomes.  The  two 
single  threads  of  which  they  are  composed  may  be  described  as 
chromatids.  This  term  was  originally  used  by  McClung  to  describe 
the  single  threads  at  meiosis,  but  since  the  single  threads  (being 


24    MITOSIS:  THE  CONSTANCY  OF  THE  CHROMOSOMES 

half-chromosomes)  correspond  in  every  way  at  the  stages  when  they 
occur  in  the  two  types  of  nuclear  division  there  can  be  no  objection 
to  calling  a  half-chromosome  a  chromatid  both  at  meiosis  and 
at  mitosis. 

Following  their  appearance  the  chromosomes  contract  lengthwise, 
and  to  a  slight  extent  in  gross  bulk.  They  are  evidently  more 
rigid  owing  to  loss  of  water,  and  they  appear  to  suffer  less 
from  the  action  of  fixatives.  During  the  resting  stage  the  nucleus 
has  probably  been  uniformly  filled  with  the  material  of  the  chromo- 
somes and  with  water  associated  with  them.  Loss  of  fluid  by  the 
chromosomes  during  prophase  therefore  merely  means  that  the 
nucleus  becomes  differentiated  into  chromosomes  and  "  nuclear 
sap." 

It  was  formerly  held  that  at  this  stage  the  chromosomes  were 
united  end  to  end  to  form  one  "  continuous  spireme."  It  has  now 
been  shown  in  all  clear  cases  (and  especially  at  meiosis,  on  which 
great  attention  has  been  concentrated)  that  this  is  not  so  (cf. 
Fig.  4).  Since  ring  chromosomes  have  been  discovered  (Ch.  Ill) 
this  structure  is  inconceivable.  Evidently  the  free  ends  of  chromo- 
somes are  particularly  liable  to  collapse  with  defective  treatment 
{v.  Appendix  I).  The  assumption  of  a  continuous  spireme  is  there- 
fore unjustifiable  on  cytological  grounds.  On  genetical  grounds  it 
is  equally  unjustifiable,  for  the  constant  production  of  a  single 
continuous  ring  requires  the  secondary  assumption  of  a  temporary 
specific  attraction  between  dissimilar  pairs  of  ends  of  chromosomes. 
This  assumption  is  contrary  to  the  principles  of  chromosome 
mechanics  (v.  Ch.  XII)  and  breaks  down  when  applied  to  hybrids 
and  polyploids  and  cases  of  interlocking  at  meiosis  (q.v.).  A 
genuine  continuous  spireme  probably  occurs  under  special  conditions 
in  the  coccid  leery  a  purchasi  (Hughes-Schrader,  1927).  The 
chromosomes  now  usually  have  a  uniform  thread  structure.  But 
in  certain  nuclei  (especially  at  the  prophase  of  meiosis)  a  granular 
structure  can  be  seen.  Each  chromosome  then  consists  of  a  string 
of  characteristic  particles  of  unequal  sizes  at  unequal  distances 
apart.  These  particles  or  chromomeres  as  we  shaU  see  later  have  a 
permanent  linear  order. 

This  is  most  clearly  observed  at  meiosis  (cf.  Wenrich,  1916  ;  Gelei, 
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1921  ;  and  v.  Ch.  IV).  The  linear  arrangement  of  the  chromomeres 
in  different  nuclei  is  constant.  It  seems  unlikely  that  these  delicate 
structures  are  uninjured  by  fixation  ;  no  doubt  their  discontinuity 
is  exaggerated.  But  their  constancy  shows  them  to  be  significant, 
as  well  as  characteristic,  artefacts  {v.  Appendix  I).  It  is  therefore 
difficult  to  regard  them,  as  Kaufmann  has  suggested  (1931),  merely 
as  twists  in  the  chromatid.  They  demonstrate  morphologically  the 
linear  differentiation  of  the  chromosome.  And  it  is  important  to 
notice  that  the  two  chromatids  correspond  exactly.  Since,  as  we 
shall  see,  they  must  be  supposed  to  arise  from  the  longitudinal 
division  of  one,  that  division  has  been,  so  far  as  cytological  evidence 
can  show,  into  two  identical  halves.  This  identity  is  preserved 
from  the  time  the  doubleness  is  first  seen  at  prophase  throughout 
all  stages  of  mitosis  and  all  succeeding  divisions  of  the  chromatids 
at  succeeding  mitoses. 

Further  linear  contraction  of  the  chromosomes  is  accompanied  by 
an  increase  in  their  thickness.  There  is  no  direct  evidence  as  to 
what  change  takes  place  in  the  internal  arrangement  of  the 
chromosomes,  but  indirect  evidence  suggests  that  it  is  due  to  the 
gradual  assumption  of  a  spiral  form  by  the  chromatid  (v.  infra). 
The  increase  in  thickness  obliterates  the  distinction  between 
chromomeres  and  the  chromatids  gradually  assume  a  rounded 
outline  and  eventually  a  highly  uniform  cylindrical  structure,  apart 
from  constrictions,  which  will  be  considered  later. 

In  most  organisms  contraction  of  the  chromosomes  reaches  its 
maximum  at  the  last  stages  of  prophase.  They  are  now  probably 
one-tenth  to  one-twentieth  of  the  length  they  were  at  the  earliest 
stage  of  prophase.  The  two  chromatids  of  each  chromosome  lie 
parallel  or  slightly  coiled  round  one  another  and  in  close  proximity. 

(iii)  Metaphase  :  the  Spindle.  At  the  end  of  prophase  the 
chromosomes  attain,  as  a  rule,  their  greatest  contraction.  A  new 
structure,  the  spindle,  now  develops.  It  varies  in  its  method  of 
origin.  It  may  arise  inside  the  nucleus  ;  or  when,  as  is  usual  in  the 
higher  organisms,  the  nuclear-cytoplasmic  surface  breaks  down,  it 
merely  fills  the  space  previously  occupied  by  the  nucleus.  The 
spindle  also  varies  in  different  organisms  in  its  shape  and  in  its 
appearance  when  treated  with  different  reagents,  but  it  can  be 
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recognised  everywhere  by  certain  general  characteristics.  It  lies 
between  two  more  or  less  defined  poles,  and  has  more  or  less  regularly 
the  shape  from  which  it  takes  its  name.  It  is  more  rigid  than  the  cyto- 
plasm surrounding  it  and  has  less  water  to  lose.  When  dehydrated 
in  fixation  it  contracts  crosswise  more  than  lengthwise  and  frequently 
shows  a  lengthwise  striation  when  contracted  in  this  way.  It  is 
therefore  evidently  differentiated  in  its  water  content,  which  must 
be  arranged  in  longitudinal  channels  to  some  of  which  the  name  of 
"  spindle  fibres  "  probably  refers.  Outside  the  nucleus,  in  most 
animals  and  in  many  of  the  lower  plants,  lies  a  body  which  is 
actively  concerned  in  the  division  of  the  nucleus.  This  is  the 
centrosome.  It  consists  of  a  small  granule  which  is  sometimes 
capable  of  differential  staining.  It  divides  into  two  during 
telophase  or  prophase.  There  has  often  been  difficulty  in  following 
its  history,  but  it  would  appear  from  Boveri's  studies  that  it  is 
transmitted  solely  by  the  sperm  of  which  it  constitutes  the  "  middle- 
piece,"  the  centrosome  of  the  egg-cell  degenerating  in  sexual 
reproduction.  Where  centrosomes  are  present  the  spindle  nearly 
always  develops  between  them  as  an  extension  of  a  radial  differentia- 
tion of  the  cytoplasm  which  appears  around  them  during  prophase. 

During  the  prophase  the  chromosomes  have  been  disposed 
evenly  throughout  the  nucleus.  As  the  spindle  envelops  the 
nucleus  and  its  boundaries  disappear  the  chromosomes  come  to  lie 
midway  between  the  two  poles  of  the  spindle  in  a  flat  "  plate  "  on 
which  they  distribute  themselves  evenly.  Comparison  of  different 
organisms  shows  that  this  distribution  depends  on  one  point  in  each 
chromosome  lying  on  the  equator  of  the  spindle.  This  point 
of  association  with  the  spindle,  or  point  of  "  attachment  "  to  it, 
as  it  has  been  somewhat  misleadingly  described,  is  marked  by  a 
constriction  or  hiatus  in  the  chromosome.  This  constriction  marks 
the  position  of  the  centromere.  This  body  is  usually  unstained  at  the 
metaphase  of  mitosis,  and  its  behaviour  will  be  described  in  detail 
later  (Ch.  XII).  The  constriction  may  be  described  as  the  centric 
constriction. 

The  parts  of  the  chromosomes  near  the  centromere  are  spoken 
of  as  "  proximal,"  those  further  away  as  "  distal."  Where  the 
chromosomes  are  short  they  may  lie  entirely  in  the  equatorial 
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plane  as  though  in  a  flat  plate.  Where  they  are  long,  relative  to  the 
size  of  the  spindle,  the  limbs  of  the  chromosomes  remote  from  the 
centromere  lie  at  random — equatorially  or  axially.  But  owing  to 
the  spindle  space  being  limited,  the  limbs  of  long  chromosomes  on 
the  edge  of  the  spindle  lie  in  the  outer  cytoplasm,  and  the  bends  at 
their  centromeres  therefore  point  inwards.  In  many  animals,  all 
or  most  of  the  centromeres  lie  on  the  periphery  of  the  spindle  ; 
the  distal  parts  of  the  chromosomes  then  lie  wholly  outside  the 


Fig.  5. — Metaphase  plate  in  Puschkinia  lihanotica  (2n  =  10  4-4#)- 
R.  and  L.,  relational  coiling  of  chromatids,  /,  supernumerary 
fragments,  a,  m  and  5  have  secondary  constrictions.  (D.  1936  b.) 
X  3,000. 

spindle,  and  in  living  cells  {cf.  Belar,  1929,  a  and  h)  can  be  seen  to 
move  in  the  streaming  cytoplasm.  In  this  way  the  chromosomes 
may  fill  up  the  greater  part  of  the  cell  space. 

Until  metaphase,  the  chromatids  are  held  together  less  closely 
elsewhere  than  at  the  centromere.  The  momentary  condition  of 
"  full  "  metaphase  is  reached  when  the  limbs  of  the  chromosomes 
have  come  together  as  closely  throughout  their  length  as  they  were 
earlier  at  the  centromere.  It  may  be  imagined  that  the  stage 
with  the  distal  parts  of  the  chromosome  separate  follows  this  stage 
with  the  closest  association,  and  is  actually  the  first  stage  in  the 
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separation  of  the  chromatids.  This  is  not  so.  Separation  always 
begins  at  the  centromere,  at  a  time  when  the  distal  ends  are  more 
closely  united  than  earlier,  and  a  wide  separation  of  the  distal  ends 
shows  an  early  metaphase  stage,  not  a  late  one  [cf.  Fig.  5). 

(iv)  Metaphase  :  the  Plate.  While  their  centromeres  lie  on  the 
equator  of  the  spindle,  the  whole  group  of  chromosomes  lies  in  a 
"  plate,"  the  metaphase  plate,  which  has  been  generally  studied  in 
polar  view  in  order  to  make  out  the  number,  sizes  and  shapes  of  the 
chromosomes  that  are  characteristic  of  the  organism,  the  race  or  the 
species.  In  number  and  size  the  chromosomes  are,  as  a  rule, 
invariable  at  this  stage  throughout  the  organism.  In  shape  they 
may  vary  slightly  owing  to  different  degrees  of  spiralisation.  In 
very  rapid  gonial  mitoses  they  may  be  less  spiraUsed  than  usual  {e.g. 
in  the  protozoan  Aggregata,  Belar,  1926),  while  in  the  mitoses 
immediately  preceding  meiosis  in  the  Orthoptera  and  in  that 
immediately  following  meiosis  in  the  Angiosperms  they  are  usually 
more  spiralised  (Janssens,  1924 ;  White,  1935,  on  Mecostethus ; 
Darlington,  1929,  on  Tradescantia ;  Janaki-Ammal,  unpub.,  on 
Saccharum). 

In  distribution  on  the  plate  two  main  types  are  found  in  higher 
organisms.  In  the  first,  the  so-called  "  central  spindle  "  type  of 
Salamandra,  the  centromeres  lie  at  the  edge  of  the  spindle  and  the 
bodies  of  the  chromosomes  lie  outside  in  the  cytoplasm.  In  the 
second,  which  is  usual  in  plants,  the  centromeres  lie  evenly  in  the 
equatorial  plane  of  the  spindle  and  the  bodies  of  most  of  the  chromo- 
somes are  therefore  inside  the  spindle,  fiat  on  the  plate  when  they 
are  small,  turned  up  on  either  side  when  they  are  longer.  There 
is  no  absolute  distinction  between  these  types.  Many  Orthoptera 
are  intermediate  and  abnormal  pollen  grains  of  Fritillaria  and 
Tulipa  have  been  found  with  the  Salamandra  type  of  plate.  Such 
variations  will  probably  be  found  to  be  widespread. 

(v)  Anaphase.  The  end  of  metaphase  is  marked  by  a  change  in 
the  centromere  or,  where  it  is  not  visible,  at  the  centric  constriction. 
The  two  chromatids  which  have  lain  closest  together  at  this  point 
now  separate  (Figs.  4  and  19B).  Under  suitable  conditions  of 
fixation  the  centromere  becomes  visible  in  each  chromatid  at  the 
point   of  separation   (S.   Nawaschin,    1912  ;    Trankowsky,    1930). 
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This  body  is  about  0*2  fi  in  diameter,  in  the  largest  chromosomes. 
It  has  received  various  names  according  to  the  stage  or  organism 
in  which  it  has  been  seen.  We  shall  find  later  that  the  centromere 
has  important  functions  in  the  movements  of  chromosomes  quite 
apart  from  the  spindle,  and  since  the  same  movements  occur  even 
when  it  is  not  visible  with  the  treatment  used,  it  seems  necessary 
to  assume  that  it  is  always  present,  but  that,  like  the  centrosomes, 
it  is  of  variable  staining  capacity  and  in  the  smaller  chromosomes 
is  too  small  to  see.  The  chromatids  remain  in  contact  at  their  ends 
until  the  anaphase  separation  finally  draws  them  apart.  It  is 
common  to  refer  to  the  separation  of  the  chromatids  as  the 
,"  division  "  of  the  chromosome,  but,  as  we  have  already  seen,  the 
division  has  taken  place  much  earlier,  and,  throughout  the  prophase, 
chromatids  have  been  merely  held  together  either  by  a  common 
pellicle  surrounding  them  or,  more  probably,  by  a  specific  attraction 
existing  between  them.  The  only  part  of  the  chromosome  that 
divides  at  this  stage  is  the  centromere,  and  when  its  division  is 
inhibited  artificially  the  division  of  the  nucleus  is  itself  arrested  at 
metaphase  {cf.  Ch.  X).  At  anaphase  therefore  it  is  an  attraction 
which  has  to  be  overcome  rather  than  an  intricate  connection 
which  has  to  be  severed.  The  relations  of  the  chromatids  at  meiosis 
cannot  be  understood  unless  this  principle  is  grasped. 

When  the  separation  is  complete  the  corresponding  groups  of 
chromatids,  now  called  "  daughter  chromosomes,"  pass  towards 
opposite  poles.  This  movement  has  been  analysed  by  Belar  with 
remarkable  success,  working  with  living  cells  (1927,  1929,  a  and  6). 
In  the  first  part  of  the  movement  the  spindle  undergoes  no  important 
change  in  shape  or  character,  and  it  appears  that  the  movement  is 
independent  of  external  variations  that  can  be  brought  to  bear 
on  it  experimentally.  So  far  it  may  be  said  to  be  "  autonomous." 
At  late  anaphase  the  situation  is  entirely  different.  There  is  little 
evidence  that  the  chromosomes  move  any  further  through  the 
spindle,  but  the  spindle  itself  changes  shape.  The  middle  part, 
between  the  separated  bodies  of  chromosomes,  expands  lengthwise 
and  contracts  correspondingly  crosswise  so  that  the  chromosomes 
are  pushed  apart  and  the  anaphase  movement  completed.  Belar 
maintains  that  this  is  an  inherent  and  "  active  "  property  of  the 
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spindle  itself,  more  especially  because  with  dehydration  in  hyper- 
tonic solutions  the  stretching  of  the  spindle  is  exaggerated.  Prob- 
ably it  is  a  property  correlated  with  the  special  distribution  of  its 
water  content.  Where,  in  meiosis  in  Stenobothrus,  one  pair  of 
chromosomes  in  separating  offer,  on  account  of  their  greater  length, 
more  resistance  to  separation  than  the  rest,  the  whole  spindle  is 
tilted  evenly.  This  argues  not  merely  pressure  from  the  middle 
part  of  the  spindle  but  an  independent  coherence  of  the  middle 
part  and  of  the  polar  parts.  The  effect  of  the  stretching  of  the 
spindle  can  be  seen  in  pollen  grain  mitoses  where  one  pole  has  been 
lying  close  to  the  wall.  The  spindle  then  continues  to  push  the 
inner  set  inwards,  while  the  movement  of  the  outer  set  has  been 
stopped  by  the  wall  in  mid-anaphase  (cf.  Ch.  XII).  Where  the 
chromosomes  are  very  long,  as  in  mitosis  in  Tradescantia  and 
Aggregata,  their  separation  is  helped  by  their  shortening  still  further 
at  late  anaphase. 

(vi)  Telophase.  When  the  chromosomes  reach  the  pole  they 
contract  longitudinally  and  form  a  compact  mass  which  passes 
through  stages  in  some  respects  comparable  with  the  reverse 
processes  of  prophase.  These  appear  to  consist  essentially  in  the 
imbibition  of  water.  In  some  organisms  the  chromosomes  form 
separate  vesicles  at  first  (Belar,  1928  b),  and  where  the  resting 
stage  is  short  these  may  persist,  separately  identifiable,  to  the  next 
division  (v.  infra). 

(vii)  Duration  of  Mitosis.  The  duration  of  successive  stages  of 
mitosis  has  been  recorded  from  observations  of  living  cells  by  Belar 
(1926  b,  1929  b,  Tradescantia)  and  others.  The  following  observations 
indicate  the  range  of  variation  found,  but  do  not  include  either  the 
quickest  or  the  slowest  examples.  The  third  case  is  an  observation 
of  meiosis,  which  will  be  specially  considered  later. 

Apart  from  observations  of  the  living  cell  the  relative  frequencies 
of  different  stages  found  in  fixed  material  show  great  variation  in 
their  timing.  Certain  stages  in  the  prophase  of  meiosis  may  be 
indefinitely  prolonged,  and  in  glandular  tissue  mitotic  prophases 
have  been  found  that  are  as  permanent  as  the  cells  containing  them 
(Ch.  V).  Telophase,  on  the  other  hand,  is  a  uniformly  short 
stage. 
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Table  2 
The  Time  Taken  by  Division  of  the  Nucleus 
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3.    THE  STRUCTURE  OF  CHROMOSOMES 

(i)  Spiral  Structure.  At  metaphase  all  chromosomes  consist  of 
two  cylindrical  rods,  the  chromatids,  which  are  normally  of  even 
diameter.     This  diameter  is  a  racial  characteristic  constant  in  most 


Table  3 

Estimated   Total   Lengths   of   Chromosomes   in   Complement 

(in  Microns) 


Stages  of  First  Division  of  Meiosis. 

• 

Leptotene 

Pachytene 

Diplotene 

Diakinesis 

Metaphase 

Mit 
Metar 

Lilium  species 

n  =  12,  Belling,  1928,  cf 
Aloe  purpurascens    . 

n  ^  7. 
Bellevalia  romana 

n  =  4.     Dark,  1934 
Dendroccelum  lacteum 

n  =  7.     Gelei,  1921. 

421 

1,469 

545 

386 

257 

152 
55 

152 
41 

63 
86 

*  This  length  is  halved  to  correspond  with  the  haploid  complement  measured 
at  meiosis. 

t  Belling  states  (1931  a)  that  leptotene  threads  in  Lilium  are  six  and  a  half 
times  as  long  as  at  metaphase.  This  seems  to  disagree  with  the  results 
recorded  here. 
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tissues  for  all  the  chromosomes  of  a  complement  except  for  such  as 
may  be  less  in  bulk  than  a  sphere  of  the  specific  diameter  {v.  Fig.  7). 

Variation  in  the  apparent  diameter  of  the  chromosome  is  due  to, 
first,  the  pairs  of  chromatids  being  seen  sometimes  endways-on,  i.e., 
in  the  same  line  of  vision,  as  is  always  the  case  near  the  centromere  in 
polar  views,  and  sometimes  sideways-on,  when  the  chromosome  will 
be  just  twice  as  broad  ;  and,  secondly,  the  occurrence  of  constrictions 
{v.  infra). 

Now  each  of  the  cylindrical  rods  is  the  product  of  a  linear 
contraction  of  the  threads  observed  in  early  prophase.  The 
extent  of  this  contraction  can  be  approximately  estimated 
from  measurements.  The  rather  fragmentary  estimates  given  are 
largely  derived  from  observations  of  successive  stages  at  meiosis, 
where  the  contraction  at  metaphase  is  greater  than  at  mitosis 
(cf.  Bellevalia),  but  they  indicate  the  extent  of  the  changes  undergone 
during  the  prophases  of  both  types  of  division  (Table  3) . 

The  degree  of  contraction  at  metaphase  is,  however,  subject  to 
genetical  control,  as  will  be  seen  later  (7;.  Ch.  Ill),  and  may  therefore 
vary  considerably  in  different  races  or  species. 

In  this  process  of  contraction  we  may  probably  distinguish  two 
kinds  of  change  in  succession.  First,  there  is  the  change  which 
renders  the  chromosomes  visible  at  the  end  of  the  resting  stage. 
This  may  be  regarded  as  a  dehydration  of  previously  more  dispersed 
chromatin  material,  associated  (according  to  Sakamura,  1927)  with 
an  increase  in  hydrogen-ion  concentration  in  the  nuclear  sap. 

Secondly,  there  is  a  linear  contraction  of  the  thread  such  as  might 
be  regarded  merely  as  due  to  successive  particles,  the  chromomeres 
observed  at  meiosis  coming  to  lie  closer  together.  But  since  the 
separation  into  chromomeres  is  probably  to  some  extent  an  artefact 
(although  characteristic  and  significant)  such  a  simple  contraction 
need  not  necessarily  be  distinguished  from  a  spatial  rearrangement 
of  the  thread.  The  rearrangement  might  be  supposed  a  priori  to 
be  orderly  or  haphazard.  Since  each  chromatid  is  uniformly 
cylindrical  at  metaphase,  there  seems  no  arrangement  that  can  be 
assumed  but  an  orderly  one,  and  none  of  this  kind  but  a  spiral. 
Such  an  arrangement  was  first  observed  by  Baranetsky  in  1880, 
and  his  observations  have  since  been  generally  confirmed  whenever 
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any  definite  structure  has  been  observed  in  the  chromosomes  of 
plants  or  animals  at  meiosis. 

Linear  contraction  of  the  chromosomes  must  depend  on  spiralisa- 
tion.  At  the  metaphase  of  mitosis  it  has  been  possible  to  see  this 
spiral  in  special  preparations  (Geitler,  1935  a ;  Upcott,  1935  a). 
Comparison  with  the  succeeding  stages  leaves  no  doubt  that  the 
same  type  of  structure  regularly  obtains  at  mitosis.     Moreover,  it 

cT-^  ^f\^^         /-^'^'^       •vi"^%V^' 
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Fig.  6. — The  uncoiling  of  relic  spirals  from  telophase  (T)  to  prophase 
(P)  and  metaphase  {M)  in  Fritillaria.  Super-spirals  appear 
in  Pg.      X  1800.      (D.,  1935  a.) 

shows  a  mechanical  relationship  between  succeeding  divisions 
(D.,  1935  a).  At  the  telophase  a  spiral  becomes  distinguishable, 
corresponding  to  the  supposed  structure  at  metaphase.  This  is 
the  relic  spiral.  The  same  general  structure  is  visible  at  the  begin- 
ning of  the  following  prophase,  except  that  the  arrangement  is 
somewhat  more  contorted  and  the  chromosomes  have  divided  into 
chromatids  which  are  coiled  round  one  another  in  a  way  that 
presumably  compensates  for  the  relic  spiral.  As  the  chromatids 
contract  and,  we  must  suppose,  form  internally  the  spiral  which 
they  show  at  metaphase,  they  also  gradually  uncoil  the  relic  spiral 
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which  in  the  longest  chromosomes  is  still  seen  at  the  following 
metaphase.  Whatever  internal  forces  cause  the  coiling  and  un- 
coihng  we  see  that  there  is  a  lag  in  the  adjustment  of  the  external 
form  of  the  chromosomes  to  the  changes  in  these  forces  :  the 
coiling  seen  in  a  prophase  is  a  relic  of  that  at  the  preceding  division, 
not  the  forerunner  of  that  at  the  following  division,  as  has  been 
generally  imagined.  In  some  respects,  to  be  sure,  prophase  reverses 
telophase.     In  other  respects  prophase  continues  telophase. 

The  changes  inferred  in  the  transition  of  the  metaphase  chromo- 
some to  the  telophase  condition  have  now  been  successfully  imitated 
in  experiment.  Kuwada  and  Nakamura  (1934  a)  have  changed 
the  body  of  metaphase  chromosomes  in  a  pollen  mother-cell  into  a 
resting  nucleus  by  exposing  them  to  ammonia  vapour  before  fixation. 
The  effect  is  to  half-uncoil  the  spirals  so  that  they  form  a  compact 
mass  having  the  optical  properties  of  a  resting  nucleus  that  has 
been  similarly  fixed  with  acetic  acid.  The  artificial  differ  from  the 
natural  nuclei  merely  in  their  irregularity  of  boundary  and  in  their 
lack  of  nucleoli  {cf.  Ch.  XII). 

These  observations  show  that  the  resting  nucleus  and  metaphase 
chromosomes,  which  appear  equally  homogeneous  in  life  and  are 
equally  susceptible  to  the  production  of  non-characteristic  artefacts 
through  salting-out  of  their  protein- water  systems,  are  in  fact,  to 
be  related  in  terms  of  a  spiral  structure  which  can  be  traced  through 
successive  stages  in  life  and  reproduced  artificially  in  experiment. 
The  change  from  metaphase  to  resting  nucleus  Consists  spatially  in 
uncoiling  and  re-packing  the  chromosome  thread. 

(ii)  Constrictions,  Centric  and  Nucleolar.  In  the  course  of 
})rophase  another  kind  of  discontinuity  appears  in  the  chromatin 
thread  in  many  organisms.  This  is  at  first  an  unstained  gap  in 
the  chromatid ;  afterwards  it  develops  into  the  metaphase 
"  constriction,"  at  which  the  cylindrical  body  of  each  chromatid  is 
drawn  together  as  a  sausage  is  drawn  together  with  string  or  a 
blood  vessel  ligatured.  All  chromosomes  have  one  such  non- 
spiralising  segment  in  their  structure — the  centric  constriction. 
But  there  are  also  found  in  many  chromosomes  "  secondary  " 
constrictions  which  have  no  relationship  with  the  centromere 
(cj.  Plate  II  and  Fig.  7). 
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The  centric  constriction  has  the  following  three  characteristics 
distinguishable  at  metaphase  : — 

(a)  The  chromosome  is  more  easily  bent  and  stretched  at  this 
point.  This  has  been  shown  by  micro-dissection  (Chambers  and 
Sands,  1923),  and  is  equally  evident  from  comparative  observation 
of  chromosome  form  in  fixed  material.  The  constriction  is,  as  one 
might  expect,  a  point  of  weakness  in  the  chromosome.  Secondary 
constrictions  share  this  property.  The  chromosome,  therefore,  in 
the  absence  of  secondary  constrictions  consists  of  two  limbs  separated 
by  the  intercalary  centric  constriction. 

(6)  During  metaphase  the  two  chromatids  lie  at  this  point  in  the 
axis  of  the  spindle,  although  elsewhere  lying  at  random.  Evidently 
the  centromere  is  strictly  orientated.  The  chromosome  seen  in 
polar  view  therefore  seems  narrowest  on  either  side  of  the  attach- 
ment constriction. 

(c)  The  two  chromatids  are  held  together  tightly  at  this  point, 
although  elsewhere  lying  loosely  parallel.  Apparently  the  centro- 
mere is  either  single  or  its  two  halves  are  more  closely  paired  than 
the  rest  of  the  chromatids.  The  ligature  may  be  short,  or  may  be 
extended  so  that  a  definite  non-staining  gap  occurs  in  the  chromo- 
some.    This  also  applies  to  secondary  constrictions. 

Constrictions  give  great  diversity  to  the  form  of  the  metaphase 
chromosomes,  and  being  constant  in  position  and  length  they  also 
give  character  to  the  individual  chromosomes.  Their  study 
therefore  has  been  of  the  greatest  importance  in  investigating 
constancy  and  variation  in  mitotic  chromosomes  within  and  between 
species  and  between  parents  and  their  own  gametes  or  gametophytes, 
particularly  in  the  flowering  plants  (^.^.,  in  Crepis,  Vicia,  Tradescantia, 
Muscari,  Tulipa,  Drosophila).  This  advance  we  owe  in  the  first 
instance  largely  to  the  work  of  S.  G.  Navashin  and  his  school,  and 
later  to  Sakamura  (1915  et  sqq.),  Taylor  (1924  et  sqq.),  Newton  (1924, 
1927),  M.  Navashin  (1926,  1927,  1930),  Delaunay  (1926,  1929), 
Lewitsky  {loc.  cit.).  Cf.  also  Belar  (1926),  Bridges  (1927),  Kachidze 
(1929),  Hollingshead  (1928). 

The  following  are  the  main  conclusions  which  are  applicable  to 
the  higher  plants  in  general  {cf.  Delaunay,  1929,  and  Lewitsky, 

1931). 
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Fig.  7. — Diagram  of  Chromosome  Forms  at  Mitosis. 

Metaphase  chromosomes  of  plants  and  animals  represented  uniformly  with 
the  same  diameter  and  with  the  two  chromatids  in  the  same  line  of  vision  at 
the  constrictions,  which  are  therefore  represented  by  single  threads.  This  is 
only  constantly  the  case  with  polar  views  of  the  centric  constriction  :  in  side 
views  of  this  constriction  the  connection  is  double,  the  chromatids  being  seen 
side  by  side  ;  in  polar  or  side  views  of  secondary  constrictions  the  connection  is 
double  or  single  according  to  the  chance  arrangement, 

I.  Chromosomes  with  a  single  centric  constriction. 

A.  "  Terminal  "  (with  one  arm  too  small  to  be  seen  as  a  rule),  e.g.,  Steno- 
bothrus  lineatus  (Janssens,  1924  ;  Belar,  1928),  Drosophila  melanogaster , 
X-chromosome  (Stern,  1929),  Sphcsromyxa  sabrazesi  (Belar,  1926  b). 

B.  "  Terminal,"  short  chromosome,  e.g.,  Drosophila  melanogaster  fourth 
chromosome    (Stern,    1929),    Yticca    filamentosa    (Taylor,    1925    b).      Many 


Lepidoptera.     Cambarus  (Fasten,  1914),  cf.  Wilson.     Many  fungi  :    Camaro- 
phyllus  (Bauch,  1926),  Saprolegnia  (Mackel,  1928). 

C.  Sub-terminal  (i)  minor  element  spherical.  Fritillaria  and  Crepis  species 
(very  common). 

D.  Sub-terminal  (ii),  e.g.,  Fritillaria,  Ornithogalum,  Tiilipa,  Crepis  species 
(very  common). 

E.  Median  or  sub-median,  e.g.,  Tradescantia  virginiana  and  Fritillaria 
ruthenica  (D.,  1929  c),  Atilacantha  scolymantha,  Euglypka  sp.,  Monocystis 
magna,  Salamandra  maculosa  [of.  Belar,  1926  b). 

F.  Sub-terminal,  short  chromosome,  e.g.,  Tradescantia  fluminensis,  frag- 
ments of  Fritillaria  imperialis  and  Tradescantia  virginiana  (D.,  1929  c). 

G.  Sub-median,  short  chromosome,  e.g.,  Ornithogalum  narbonense  (Delaunay, 
1925.  1929).  Veltheimia  viridiflora  (Taylor,  1925  a),  Muscari  tenniflorum 
(Delaunay,  1926),  Commelina  bengalensis  (D.,  1929  c),  Lachenalia  spp. 
(Moffett,  unpublished). 

H.  Sub-median,  medium  length  chromosome,  e.g.,  second  and  third  chromo- 
somes of  Drosophila  melanogaster  (Stern,  1929),  Crepis  spp.  (Hollingshead, 
1928),  Prunus  spp.  (D.,  1928). 

I.  Median,  both  arms  spherical,  very  short  chromosome  as  compared  with 
the  rest  of  the  complement.     Muscari  latifolium  (Delaunay,  1929). 

J.  Sub- terminal  long  constriction,  e.g.,  Aconitum  spp.  {cf.  Fig.  79.) 

II.  Chromosomes  with  secondary  constrictions,  all  short. 

A.  Simple  secondary  constriction,  Hyacinthus  orientalis  (D.,  1926),  cf. 
Aucuba  japonica  (Meurman,  1929),  Vicia  Faba  (Sakamura,  1915). 

B.  "  Intercalary  trabant,"  e.g.,  Rhoeo  discolor  (D.,  1929  c).  Cf.  Muscari 
polyanthum  and  M.  pycnanthum  (Lewitsky  and  Tron,  1930)  (?)  Cyrtanthus 
parviflorus  (Taylor,  1925  a). 

C  and  D.  Muscari  polyanthum  (Lewitsky  and  Tron,  1930),  CEnothera  spp 
(D..  1931). 

E.  Multiple  constriction,  e.g.,  Fritillaria  pudica  (D.,  unpubhshed). 

III.  Chromosomes  w4th  long  secondary  constrictions. 

A.  Ranunculus  acris  (Sorokin,  1927),  Crepis  spp.  (Babcock  and  Navashin, 
1930)- 

B.  Muscari  longipes  (Delaunay,  1926),  Calochortus  amabilis  (Newton,  1927), 
Spironema  fragrans  (D.,  1929  c),  Crepis  spp.  (Babcock  and  Navashin,  1930). 

C.  Ornithogalum  tenuifolium  (Delaunay,  1925),  Cyanotis  zenonii  (D., 
unpublished)  cf.  Lachenalia  spp.  (Moffett,  unpublished). 

D.  Ornithogalum  narbonense  (Delaunay,  1925),  Crepis  setosa  (Taylor, 
1925  b). 

E.  Ornithogalum  nanum  (Delaunay,  1925),  cf.  Allium  Moly,  (Levan,  1932). 

F.  Bellevalia  azurea,  cf.  also  Muscari  polyanthum  (Lewitsky  and  Tron, 
1930). 

G.  Fritillaria  s^^.  (Taylor,  1926;   D.,  1929  c,  1930  c). 

H.  Crepis  tectorum  (Hollingshead,  1928).    Fritillaria  ruthenica  (D.,  1929  c). 

Ij.  Aloe  saponaria  (Taylor,  1925  b),  Bellevalia  romana  (D.,  1926), 
Tradescantia  virginiana  and  Rhoeo  discolor  (D.,  1929  c),  Crepis  pulchra 
(Hollingshead  and  Babcock,  1930). 

Ig.  Mutant  form  with  lateral  trabant  in  Tradescantia  (D.,  1929  c.  Fig.  77  ; 
cf.  Levan,  1932). 

J.  Ribes  aureum  (Meurman,  1928;  D.,  1929  d).  Rubus  spp.  (Crane  and 
D.,  1928). 

K.  Dahlia  Merckii  (Lawrence,  1929),  CEnothera  spp.  (D.,  1929). 

L  and  M.  "  Tandem  "  trabants.  L.  Allium  Cepa  (Taylor,  1925  a).  M. 
Aucuba  japonica  (Meurman,  1929). 

N.  Intercalary  trabant.  Solanum  Lycopersicum  (D.,  unpublished).  {Cf. 
Lewitsky  and  Benetskaia,  1929  on  S.  tuberosum.)  {N.B.  This  chromosome  has 
led  to  difficulties  in  counting  the  chromosomes  in  Solanum,  cf.  Winkler,  1916). 

O.  Cyrtanthus  parviflorus  (Taylor,  1925  a). 

P.  Aconitum  spp.  (Fig.  79)  ;   long  centric  constriction. 
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(a)  Each  chromosome  has  centric  constriction  and  perhaps 
one  or  more  secondary  constrictions  which  are  constant  in  position. 
Both  are  usually  intercalary,  and  it  is  doubtful  whether  they 
can  ever  be  terminal  {cf.  Lewitsky,  1931  ;  Kaufmann,  1934  on 
Drosophila ;  D.,  1936  b  on  Chorthippus).  The  alleged  terminal 
centric  constrictions  of  grasshoppers  and  of  the  B  chromosomes  of 
Zea  Mays  have  been  shown  to  be  near  the  end,  but  not  at  the  end 
(D.,  1936  and  Fig.  102).  A  supposedly  terminal  nucleolar  con- 
striction gives  the  appearance  of  a  "  seta  "  (Kihara,  unpublished). 

(b)  Constrictions  vary  in  the  length  of  the  lacuna  they  create. 
This  length  is  a  characteristic  property,  although  subject  to  variation 
as  an  artefact,  and,  in  part,  as  a  natural  condition.  We  may 
therefore  speak  of  a  "  long  "  constriction  and  a  "  short  "  constriction. 
The  real  variation  in  appearance  is  general  amongst  very  long 
constrictions,  especially  those  separating  trabants  (v.  infra).  Long 
constrictions  may  be  two  or  three  times  as  long  as  the  chromatid  is 
broad.  At  anaphase  all  constrictions  are  liable  to  be  emphasised 
by  the  tension  between  the  centromere  and  the  parts  of  the  chromo- 
some distal  to  the  constriction.  Centric  constrictions  are  nearly 
always  short,  but  Aucuba  and  Aconitum  are  exceptional  in  this 
respect  {v.  Fig.  79). 

(c)  Prophase  contraction  of  all  sections  of  chromatids  between 
two  constrictions  proceeds  until  the  chromatid  reaches  the  diameter 
characteristic  of  the  race,  unless  it  first  reaches  a  spherical  shape. 
When  the  whole  chromatid,  or  any  section  of  it,  is  less  than  a 
certain  size,  the  characteristic  breadth  is  not  attained.  In  the  first 
case  we  have  the  spherical  type  of  chromosome  found  in  many 
animals  and  in  Muscari  latifolium  (Fig.  7  I  B).  In  the  second  case, 
merely  a  part  of  the  chromosome  is  narrower  than  the  rest  (Fig.  7 1 C). 
But  it  often  happens  that  such  a  part  is  terminal  and  is  separated 
by  a  long  constriction  from  the  main  chromosome,  for  long 
constrictions  are  more  frequent  near  the  ends.  We  then  have 
what  is  called  a  "  satellite "  or  trabanf.  Occasionally  this 
condition  is  found  in  a  small  section  intercalated  in  the  middle  of  the 
chromosome.     We  thenhave an  "  intercalary  trabant "  (Fig.  7  III N). 

This  view  that  the  trabant  is  distinguished  from  other  parts  of 
the  chromosome  merely  by  its  small  size  (D.,  1926)  has  been  dis- 
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puted  by  the  Russian  school  (cf.  Sorokin,  1927),  who  have  endowed 
the  trabant  with  special  functions.  The  observation  of  intercalary 
as  well  as  terminal  trabants,  however,  leaves  no  doubt  of  their  being 
determined  merely  by  the  position  of  constrictions. 

{d)  Where  a  number  of  constrictions  occur  in  each  chromosome 
the  complement  presents  an  appearance  of  some  complexity. 
Extreme  examples  of  this  are  seen  in  Datura  and  (Enothera  (Lewitsky , 
1931;  D.,  1931  d),  and  in  the  "tandem  trabants"  of  Allium 
(Fig.  7  III  L). 

(e)  The  only  restriction  observable  in  the  free  combination  of 
various  forms  of  constriction  in  different  chromosomes  is  indicated 
by  the  rarity  of  forms  with  long  constrictions  separating  two  large 
limbs  of  a  chromosome.  Further,  the  long  constrictions  are 
commonest  where  the  distal  element  is  smallest,  i.e.,  in  a  trabant, 
and  they  are  not  usually  formed  in  the  shortest  chromosomes  of  a 
complement  with  a  large  size  range.  Selection  has  probably  played 
some  part  in  limiting  the  range  of  chromosome  form,  and  it  would 
work  in  two  ways.  First,  a  long  constriction  might  not  be  strong 
enough  to  stand  the  strain  of .  the  anaphase  separation  with  a 
large  element  distal  to  it.  Secondly,  a  long  constriction  might 
interfere  with  the  pairing  of  a  short  chromosome  at  meiosis  on 
account  of  the  properties  we  shall  next  consider. 

All  constrictions  are  regions  of  the  chromosomes  which  fail  to 
undergo  spiralisation  along  with  the  rest.  In  the  case  of  the 
centric  constriction  we  can  see  that  this  special  property  is  associated 
with  the  special  functions  of  the  centromere.  The  question  arises 
as  to  what  special  functions  are  associated  with  the  secondary 
constrictions.  The  answer  was  discovered  by  Heitz  (1931),  who 
found  that  nucleoli  were  developed  at  corresponding  positions  in 
daughter  nuclei  at  telophase  and,  moreover,  at  positions  and  in 
numbers  and  sizes  corresponding  to  the  secondary  constrictions  of 
the  chromosomes  {cf.  Geitler,  1935  a).  It  had  been  known  for  some 
time  that  nucleoli  were  associated  with  trabants  at  prophase 
(Navashin,  1926),  that  trabants  were  merely  distinguished  from 
other  constricted  bodies  by  their  size  (D.,  1926),  and  that  the 
number  of  nucleoli  might  vary  with  the  number  of  chromosomes 
(De  Mol,  1928).     These  observations  were  intelligible  in  view  of  the 
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origin  of  nucleoli  from  the  particular  unspiralised  segments  which 
we  call  secondary  constrictions.  At  prophase  such  correspondences 
are  difficult  to  trace,  because  the  nucleoli  often  fuse  at  this  stage, 
especially  in  meiosis,  but  the  "  nucleolar  chromosomes  "  can  still 
be  recognised  by  their  association  with  them.  The  nucleolus  may 
lie  round  the  chromosome,  separating  it  into  pieces  (Kaufmann, 
1933  on  Drosophila  nielanogaster)  or  it  may  be  merely  attached  to 
it  by  a  thread  (Dobzhansky,  1934,  on  D.  pseiido-ohsciira).  This 
difference  is  found  between  mid  and  late  prophase  in  the  meiosis 
of  plants.     As  to  whether  there  are  non-spiralising  segments  giving 

V.  narbonensis  (l4)  ^-  ^^^''"^*  ^^^J 

V.  Faba  (12j  ^-  ^^"squinez  (14) 

Fig.  8. — Anaphase  chromosomes  and  telophase  nuclei  in  four 
species  of  Vicia,  showing  the  position  relationship  of  secondary 
constrictions  and  nucleoli  (after  Heitz,  1931  h). 

constrictions  at  metaphase  apart  from  the  segments  adjoining 
nucleolar  organisers,  we  have  as  yet  no  evidence.  But  it  is  certain 
on  the  other  hand,  that  small  nucleoli  may  leave  no  trace  of  con- 
striction at  metaphase. 

(iii)  In  the  Resting  Stage  :  the  Theory  of  Permanence.  The 
numbers,  sizes,  shapes  and  constrictions  of  the  chromosomes 
appearing  at  mitosis  are  constant.  In  the  nuclei  of  an  individual 
or  of  a  group  of  individuals  descended  by  mitosis  from  a  single 
nucleus,  apart  from  such  special  accidents  as  will  be  considered 
later,  the  same  "  complement  "  is  found.  With  sexual  reproduction 
other  changes  may  occur,  but  these  are  not  common  enough  to 
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interfere  with  the  generaHsation  that  each  species  has  a  characteristic 
chromosome  complement  seen  at  mitosis  (v.  Plate  I).  This  com- 
plement is  a  constant  property  of  the  nucleus,  undergoing  a 
constantly  recurring  series  of  changes  in  each  cycle  of  mitosis. 
Hence  each  chromosome  that  appears  at  the  prophase  of  one 
mitosis  corresponds  with  a  chromatid  that  entered  into  the  nucleus 
at  the  preceding  telophase  in  all  its  visible  properties  except 
that  it  is  double  :  it  has  reproduced  itself  identically.  It  was  on 
the  assumption  of  this  essential  constancy  of  behaviour  that  Weis- 
man  correctly  predicted  the  universal  occurrence  of  a  reduction  that 
would  compensate  for  the  addition  that  occurs  when  nuclei  conjugate 
in  fertilisation. 

The  correspondence  may  be  attributed  to  one  of  two  conditions. 
Either  it  is  due  to  conditions  that  are  external  to  the  chromosomes 
in  the  same  sense  as  a  correspondence  in  form  between  the  walls  of 
two  cells  is  due  to  conditions  external  to  the  cell- walls,  or  it  is 
due  to  conditions  inherent  in  the  chromosomes  themselves.  This 
would  mean  that  the  chromosomes,  or  essential  parts  of  them,  are, 
unlike  the  cell-wall,  permanent  structures,  arising,  like  the  nucleus 
as  a  whole,  the  cell  as  a  whole,  or  the  organism  as  a  whole,  only  from 
pre-existing  structures  of  the  same  kind.  This  hypothesis,  which 
is  expressed  by  saying  that  the  chromosomes  have  the  same 
permanence  as  nuclei,  cells  and  organisms,  was  verified  by  the 
work  of  Boveri  (1892-1909)  on  Ascaris.  Boveri  found  embryos 
that  developed  from  eggs  in  which  only  one  polar  body  had  been 
formed,  owing  to  the  failure  of  separation  of  two  nuclei  at  the 
second  meiotic  division.  Clearly  the  original  failure  of  the 
separation  would  give  egg  nuclei  with  two  chromosomes  instead  of 
one.  Fertilised  by  a  sperm  with  one  chromosome  the  first 
segmentation  nuclei  should  have  three  chromosomes.  All  the 
nuclei  of  embryos  arising  in  this  way  (still  recognisable  from  the 
single  degenerated  polar  body)  had  three  chromosomes  at  mitosis. 
Thus,  if  it  is  assumed  that  external  conditions  determine  the 
number  of  chromosomes,  it  must  also  be  assumed  in  this  case  that 
these  conditions  are  permanently  altered  by  an  accident  of  separation 
which,  on  the  hypothesis  of  permanence,  would  lead  directly  and 
simply  to  the  observed  results. 
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This  type  of  observation  has  been  multiplied  in  recent  years,  so 
that  any  other  hypothesis  than  the  simple  one  of  individuality  and 
permanence  would  now  be  preposterous.  Abnormal  chromosome 
numbers  have  been  discovered  in  relation  to  so  many  investigations 
that  they  must  be  separately  considered  in  their  special  categories. 
All  these  observations  are  compatible  with  the  doctrine  of 
permanence,  for  these  reasons  :  first,  such  differences  as  are  observed 
can  be  understood  in  every  instance  as  the  result  of  changes  that 
have  also  been  observed,  or  on  other  grounds  inferred,  in  the 
individual  chromosome  or  in  the  genetic  properties  of  the  nucleus 
as  a  whole.  Secondly,  the  changes  that  take  place  are  always 
irreversible  in  their  effect  on  the  chromosome  complement  and  in 
the  correlated  effect  on  the  organism  as  a  whole,  except  through  the 
reversal  of  the  accident  or  change  which  is  assumed  to  be  directly 
responsible  for  the  change  in  the  complement  on  the  hypothesis  of 
permanence  (cf.  Buxton  and  D.,  1932). 

Now,  if  the  constant  structure  of  the  chromosome  complement  is 
due  to  the  inherent  properties  of  the  chromosomes,  it  may  be 
supposed  to  be  maintained  in  one  of  two  ways.  Each  of  the 
successive  particles  or  chromomeres  may  have  a  specific  affinity  for 
the  particles  on  either  side  of  it,  which  causes  it  to  enter  into 
the  same  combination  at  successive  mitoses.  The  changes  in 
arrangement  that  will  later  be  described  show  that  this  is  not  so. 
Treatment  with  X-rays  will  break  up  the  chromosomes  and  recom- 
bine  their  parts  more  or  less  at  random  in  new  arrangements,  most 
of  which  are  as  stable  and  permanent  as  the  old  ones  (Ch.  X).  In 
fact  the  changes  that  take  place  in  chromosomes  under  X-ray 
treatment  are  the  strongest  evidence  of  potential  permanence 
without  such  treatment.  Alternatively,  the  essential  linear 
structure  of  the  chromosome  thread  seen  at  prophase  may  be  retained 
during  the  resting  stage.  This  idea  of  the  continuous  existence  of 
the  chromosome  we  owe  in  the  first  instance  to  Rabl  (1885).  It 
was  for  long  a  matter  of  dispute,  two  opposed  views  being  held 
with  regard  to  the  evidence. 

1  Some  consider  that  the  chromosomes  cannot  be  individually 
represented  by  any  structure  in  the  resting  nucleus.  Schaede 
(1925-30)  found  that  the  living  nucleus,  at  least  when  "  young." 
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is  optically  homogeneous  or  granular,  and  considers  this  to  be 
inconsistent  with  the  view  that  any  threadlike  structure  is  present. 
The  granular  structure  that  is  sometimes  found  in  ftxed  nuclei 
might  be  given  by  an  optical  section  of  a  coil  of  threads,  but  it 
certainly  does  not  always  correspond  to  such  a  coil  if  the  fixation  is 
inefficient,  because,  as  Belar  points  out  (1928,  Plate  XIV,  cf.  Appendix 
I),  the  granulation  is  coarser  the  slower  and  more  inefficient  the 
fixation.  Micro-dissection  work  has  similarly  suggested  that  the 
nucleus  has  no  permanent  structure  and  that  its  contents  are 
"  liquid  "  in  vivo  (Chambers,  1925).  But  failure  to  detect  structure 
by  these  methods  is  not  conclusive  {cf.  Heilbrunn,  1928).  The 
structure  that  is  sought  is  without  analogy  on  a  larger  scale  or  in 
other  materials. 

What  we  have  already  seen,  on  the  other  hand,  of  artificial 
resting  nuclei  and  of  the  continuance  of  the  spiralisation  cycle  of 
the  chromosomes  from  telophase  in  the  next  prophase  can  leave 
no  doubt  either  of  the  structural  relationship  of  the  resting  nucleus 
and  the  metaphase  chromosomes  or  of  the  structural  stability  of 
the  chromosomes  in  the  nucleus.  It  is  worth  while,  however,  to 
consider  some  of  the  particular  evidence  of  the  permanence  of  the 
chromosomes  during  the  resting  stage  since  this  principle  is  the 
foundation  of  chromosome  genetics. 

(i)  The  classical  example  was  described  by  Boveri  (1909),  again 
in  Ascaris.  He  showed  that  each  of  the  several  types  of  relative 
arrangement  of  the  chromosomes  seen  at  the  beginning  of  a  division 
in  a  young  embryo  corresponded  exactly  with  one  of  the  several 
types  seen  at  the  end  of  the  previous  division.  Parts  of  the  chromo- 
somes, therefore,  reappeared  in  just  those  parts  of  the  nuclei  where 
they  had  disappeared. 

The  same  kind  of  evidence,  but  yet  more  striking,  is  afforded  by 
the  observations  of  Belar  on  Aggregata  (1925,  1926).  Here,  owing 
to  the  rapid  succession  of  divisions  in  the  sporozoite,  the  longer 
chromosomes  remain  entangled  at  the  ends  at  telophase  {v.  supra). 
They  reappear  entangled  at  the  next  prophase,  and  after  two  or 
three  divisions  the  entanglement  seen  is  precisely  such  as  would 
have  been  expected  had  there  been  no  resting  stages.  Similarly, 
Belar  (1929  b)  showed  in  living  mitosis  in  the  staminal  hairs  of 
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Tradescantia  that  the  polarised  arrangement  of  the  chromosomes 
corresponded  at  prophase  with  that  seen  in  the  preceding  telophase 
{cf.  Manton,  1935).  Finally  the  recognition  of  a  spiral  arrangement 
at  prophase  corresponding  with  that  seen  at  telophase  shows  the 
persistence  of  the  chromosome  structure  during  the  resting  stage 
(Taylor,  1931  ;    de  Winiwarter,  1931).     These  observations  show 


Fig.  9. — Mitotic  metaphase  :  i.  in  Crepis  capillaris  {2n  =  6)  ; 
2.  in  C.  tectorum  {2n  =  8)  ;  3.  in  the  hybrid  between  them 
{2n  =  7).  The  chromosome  types  are  marked  with  letters. 
Note  that  the  D  chromosome  of  C.  tectorum  shows  no  trabant 
in  the  hybrid.  X  2300  (from  Hollingshead,  1930  ;  cf.  Navashin, 
1927). 

that  the  resting  stage  does  not  interfere  with  the  structure  and 
relationship  even  of  the  constituent  parts  of  chromosomes.  The 
chromosomes  are  not  merely  permanent  but  immobile.  The 
description  as  a  "  resting  stage  "  is  mechanically  and  morpho- 
logically correct. 

(ii)  Another  kind  of  evidence  consists  in  the  demonstration  of 
the  separate  existence  of  the  chromosomes  during  the  resting  stage. 
This  evidence  is  less  decisive,  because  it  may  be  held  that  such 
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separation  is  only  possible  where  the  resting  stage  is  short  and 
therefore  not  a  complete  resting  stage.  For  example,  in  the 
pre-meiotic  resting  stage  of  the  spermatocytes  (Wenrich,  1916,  on 
Phrynotettix ,  Renter,  1930,  on  Alydiis,  et  alii)  and  in  the  early 
segmentation  divisions  of  the  fertilised  e^g  (Heberer  on  Cyclops, 
1925  ;  Smith  on  Cryptobranchus,  1929)  the  chromosomes  remain  in 
distinct  vesicles  during  the  resting  stage,  from  which  they  reappear 
at  the  ensuing  prophase.  In  the  spermatocytes  of  Orthoptera  one 
chromosome  (the  sex  chromosome)  is  more  condensed  than  its 
neighbours  and  stains  more  deeply,  so  that  it  can  be  distinguished 
from  the  others  throughout  the  resting  stage.  Similarly,  in  sperma- 
tozoa, even  in  vivo,  it  is  sometimes  possible  to  see  the  individual 
chromosomes  and  actually  distinguish  between  those  having 
different  numbers  (Miilsow,  1912,  on  Ancyracanthus  ;  Meves,  1915, 
on  Filaria  ;  v.  male  gametes).  Kater  (1926)  thinks  it  possible  to 
distinguish  the  separate  compartments  in  which  the  chromosomes 
lie  during  the  resting  stage  in  root  tip  nuclei. 

(iii)  Finally,  a  more  elaborate  kind  of  evidence  is  provided  by  the 
comparison  of  chromosome  forms  in  hybrids  with  those  found  in  the 
parents.  Hybrids  between  species  with  clearly  distinguishable 
complements  have  been  studied  in  Crepis.  It  is  found  that  each  of 
the  chromosome  types  of  the  parental  species  reappears,  so  that  no 
two  chromosomes  are  ahke  (Fig.  9,  HoUingshead,  1930  ;  Navashin, 
1927).  The  constancy  was  not  maintained  in  the  second  generation, 
for  special  reasons  which  do  not  concern  the  present  problem 
{v.  Ch.  VII).  This  kind  of  evidence  is  afforded  also  by  the  observa- 
tions of  Avery  (1929)  on  other  hybrids  of  Crepis,  Meurman  on  Ribes 
(1929),  and  by  some  older  work. 

(iv)  The  small  resting  nuclei  of  many  flowering  plants  are  to 
varying  extents  organised  differently  from  the  large  nuclei  on  which 
accurate  observation  is  easiest.  They  consequently  show  the 
permanence  of  the  chromosomes  in  a  different  way.  Small  nuclei 
have  been  known  to  contain  deeply-staining  bodies,  chromocentres 
or  prochromosomes,  in  the  resting  stage  which  were  distinguishable 
from  nucleoli  and  corresponding  in  number  with  the  chromosomes 
(cf.  Rosenberg,  1909).  These  bodies  have  been  shown  by  Doutre- 
ligne  (1933)  and  others  to  consist  of  the  proximal  parts  of  the 
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chromosomes.  They  correspond  in  number  with  the  chromosomes 
in  diploid  and  polyploid  tissues  of  the  same  plant  (Manton,  1935). 
According  to  Heitz  (1929,  1932,  1935)  this  property  is  sometimes 
related  with  excessive  prophase  and  telophase  condensation  of  the 
affected  parts,  which,  however,  unlike  the  chromocentre,  does  not 
give  the  Feulgen  reaction  {cf.  Ch.  VIII). 

Manton  (1935)  finds  that  small  nuclei  showing  chromocentres 
differ  from  large  nuclei  of  the  ordinary  type  described  in  several 
correlated  respects.  The  telophase  nucleus  is  very  much  larger 
in  relation  to  the  metaphase  chromosomes,  as  shown  by  root-tips 
(Table  4). 

Table  4 
Relative  Sizes  of  "Solid  "  and  **  Vesicular  "  Nuclei 


Allitim  ursinum    . 
Biscutella  Icevigata 


Resting 
nuclei 


900  C./x 
I20C./X 


Nucleoli 


7OC./X 

I4C.)Lt 


Metaphase 
chromosomes 


140  C./x 
4C./X 


The  telophase  chromosomes  consequently  lie  widely  separated  in 
the  nuclear  sap,  as  prophase  chromosomes  always  do.  They  are 
therefore  capable  of  movement  and  their  visible  parts,  the  chromo- 
centres, move  towards  the  surface  of  the  nucleus  at  the  end  of 
telophase.  Owing  to  the  greater  fluidity  of  the  nucleus  it  changes 
its  shape  rapidly  and  the  nucleoli  are  always  coalesced  into  one 
body  at  this  stage.  For  the  same  reason  the  nucleoli  can  be  dis- 
placed by  centrifuging  in  a  way  that  is  not  possible  in  the  compact 
nuclei  formed  in  the  same  way  as  in  Kuwada's  experiment.  These 
differences  are  undoubtedly  significant  and  it  is  now  necessary  to 
find  out  how  far  they  are  determined  by  the  size  of  the  nucleus, 
which  varies  in  different  tissues,  and  how  far  by  the  size  of  the  meta- 
phase chromosomes. 

Conclusion.  We  now  see  that  the  resting  nucleus  has  a  structure 
that  may  be  identified  both  by  comparison  and  experiment.  The 
chromosomes  do  not  appear  like  ghosts  to  flit  for  a  transient  moment 


PLATE  II 

Smear  preparation  of  pollen  grains  in  Paris  qiiadrifolia  {n  ==  lo), 
showing  the  first  mitosis  from  prophase  to  telophase.  Note  the 
gradual  disappearance  of  relic  spirals  during  prophase.  Fixation,  La 
Cour's  2B.E.  ;  staining,  Newton's  iodine-gentian-violet.  x  ca.  600. 
(La  Cour,  unpublished.) 
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across  the  mitotic  stage,  out  of  the  shades  of  one  resting  nucleus 
and  into  the  shades  of  another  equally  unknowable.  They  have  a 
continuity  which  depends  on  the  permanence  of  the  linear  arrange- 
ment of  their  characteristic  constituents  seen  as  a  loosely  coiled 
thread  at  early  prophase  of  mitosis  and  as  a  closety  coiled  spiral 
thread  at  metaphase.  This  conclusion  is  of  the  first  importance  in 
genetics.  The  old  dictum,  oninis  cellula  e  cellula,  may  be  extended 
to  nuclei,  to  chromosomes  and  to  the  unit-particles  making  up  the 
chromosome,  cytologically  known  as  chromomeres,  genetically  as 
genes.  It  is  even  truer  to  sa}^  that  all  genes  arise  from  pre-existing 
genes  than  that  all  cells  arise  from  pre-existing  cells,  in  this  sense 
that  the  gene  is  an  older  structure  than  the  cell. 

The  permanent  thread  is  double  at  mitotic  prophase.  In  the 
early  prophase  meiosis,  as  we  shall  see,  it  is  single.  We  must  there- 
fore assume  provisionally  that  it  is  always  single  at  telophase. 
The  one  change  that  it  undergoes  during  the  resting  stage  is  that  of 
longitudinal  division,  presumably  following  the  reproduction  by 
each  permanent  particle  or  chromomere  of  one  like  itself,  and  the 
absence  of  this  division  distinguishes  the  resting  stage  before 
meiosis  {cf.  Chs.  IV  and  X). 

It  seems  that  the  centromere,  on  the  other  hand,  does  not  divide 
at  the  same  time  as  the  thread  itself,  and  has  not  the  property, 
which  the  chromatids  have,  of  associating  in  pairs.  The  special 
properties  of  the  centromere  will  be  clearer  from  a  study  of  meiosis 
and  of  the  results  of  irradiation  (Chs.  IV  and  XII). 

4.  ABNORMAL  FORMS  OF  MITOSIS 
Deviations  from  the  described  type  of  mitotic  division  are  found 
in  the  higher  plants  and  animals,  but  they  are  nowhere  such  as  to 
render  the  process  unrecognisable.  In  the  lower  organisms  marked 
deviations  from  the  described  type  occur  (Fig.  10).  These  are 
described  by  Belar  in  a  comprehensive  survey  of  mitosis  in  the 
Protista  (1926  5). 

In  many  Fungi  and  Protista,  an  intranuclear  spindle  is  found. 
In  this  type  the  centrosome,  which  is  characterised  by  the  presence 
of  permanent  granules  colourable  with  nuclear  stains,  may  lie 
outside  the  nucleus,  as  in  some  AmcebcB,  or  inside  it,  as  in  the 
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protozoan  Euglypha.  In  the  diatom  Surirella  it  enters  the  nucleus 
during  prophase.  In  the  Fungi  and  many  Protozoa  the  centro- 
some  normally  appears  only  at  division. 

Another  type  of  abnormality  is  the  extreme  reduction  in  the  size 
of  the  spindle  relative  to  the  nucleus.  In  this  type,  if  the  spindle  is 
still  distinguishable,  it  lies  to  one  side  of  the  dividing  nucleus,  as  in 
Aggregata  eherthi  (Fig.  lo).  This  organism  demonstrates  two  other 
peculiarities  of  mitosis.  It  undergoes  a  process  of  "  multiple 
nuclear  division  "  during  spore  and  germ-cell  formation.  In  other 
organisms  the  relationship  of  this  process  to  true  mitosis  is  still 
obscure.     Here  the  chromosomes  do  not  show  the  high  degree  of 


Fig.  io, — Diagram  of  mitosis  in  haploid  nuclei  of  Protista.  The 
spindle  is  shown  by  broken  lines,  the  nucleoli  in  outline  and 
the  centrosomes  by  solid  circles  sometimes  surrounded  by 
"  centrospheres."  Cryptomonas  (Cryptomonadina)  :  no  visible 
centrosome,  cylindrical  spindle  within  the  nucleus.  Mono- 
cystis  (Eugregarina,  w  =4),  progamic  mitosis  :  centrosome 
plate-like  at  metaphase  {M),  invisible  at  anaphase  {A).  Aggre- 
gata (Coccidia,  w  =  6),  sporogonial  mitosis  :  two  chromo- 
somes shown  at  metaphase,  one  at  later  stages.  Spindle  outside 
nucleus.  Greatest  spiralisation  at  telophase  (T).  Surirella 
(Diatomeae)  :  centrosome  enters  nucleus  and  spindle  develops 
inside  it  during  prophase.      (After  Belar,  1926.) 


contraction  characteristic  of  metaphase.  They  retain  the  length 
and  appearance  normally  seen  at  early  prophase,  contracting  further 
at  anaphase.  Divisions  follow  one  another  rapidly,  however,  and 
this  further  contraction  is  not  always  completed,  so  that  the  ends  of 
two  chromosomes  which  are  longer  than  the  rest  do  not  separate. 
In  this  way  daughter  nuclei  are  constituted  which  run  into  one 
another  and  suggest  the  appearance  of  simple  fission  of  a  nucleus — 
what  has  always  been  called  "  amitosis."  None  the  less  the  actual 
longitudinal  splitting  of  the  chromosomes  can  be  seen  with  the 
utmost  clearness,  and  in  later  divisions  this  separation  is  completed 
(v.  infra). 

These    examples    indicate    the    wide    range    of    structure    and 
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mechanism  and  the  deceptive  appearance  that  is  found  at  mitosis 
in  the  Protista.  They  account  for  the  difficulty  in  interpreting 
mitosis  in  these  organisms  and  for  its  earher  description  as 
"  amitosis,"  that  is,  a  type  of  division  in  which  the  chromatids  of 
each  chromosome  were  not  separated  to  opposite  daughter-nuclei. 
Extreme  examples  of  this  difficulty  are  seen  in  Vahlkampfia  (cf.  Belar, 
1928  b)  and  in  Amceha  (Belar,  1926  h). 

Improvement  in  technique  in  the  Protista  and  elsewhere  now 
makes  it  possible  to  show  that  all  nuclear  division  is  normally 
mitotic  and  that  the  apparent  contradiction  of  genetic  principles  in 
the  occurrence  of  amitosis  need  no  longer  be  taken  seriously. 
Amitosis,  the  division  of  a  nucleus  without  the  separation  of 
chromatids,  is  found  only  in  short-lived  tissues,  such  as  the  endosperm 
of  seed-plants  and  the  deciduous  embryonic  membranes  of  animals 
when  it  is  frequently  unaccompanied  by  cell-division.  It  does  not 
therefore  give  rise  to  independent  and  equivalent  daughter-nuclei. 

There  is  one  apparent  exception,  the  division  of  the  macro- 
nucleus  in  the  Infusoria.  Here  many  forms  of  division  are  found 
which  can  scarcely  be  reconciled  with  the  principles  of  mitosis  {e.g., 
Spirostomum,  cf.  Belar,  1926  b),  and  others  which  appear  as  very 
degenerate  mitoses  (e.g.,  Spirochona).  But  the  macronucleus  of 
the  infusorian  is  in  a  sense  analogous  with  the  body-cell  nucleus  in  a 
multicellular  organism,  and  like  the  body  cells  of  A  scans  which 
lose  part  of  their  chromosomes,  it  need  not  carry  the  whole  of  the 
hereditary  material,  resulting  from  accurate  mitotic  division.  It 
cannot  give  rise  to  a  micronucleus,  which  alone  is  capable  of  repro- 
duction by  conjugation.  It  is  off  the  germ-track.  Its  life  is  of 
restricted  duration,  for  at  intervals  in  the  absence  of  sexual  repro- 
duction, when  it  always  degenerates,  it  disappears  and  is  replaced 
by  a  new  macronucleus  derived  directly  from  its  sister  micronucleus 
by  division  and  the  growth  of  one  of  the  products  (Woodruff  and 
Erdmann,  1914,  on  Paramcecmm) .  Belar  (1926  b)  is  inclined  to 
believe  that  reported  cases  of  a  micronucleus  arising  from  a  macro- 
nucleus  are  due  to  the  smaller  nucleus  being  temporarily  included 
in  the  larger  and  hidden  by  it.  Races  genuinely  devoid  of  a  micro- 
nucleus  are  apparently  incapable  of  undergoing  sexual  reproduction 
(Woodruff  and  Spencer,  1924). 
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When  the  macronucleus  undergoes  an  unequal  division  as  in 
amitosis,  we  may  therefore  suppose  that  it  suffers  an  irreversible 
change,  as  does  the  nucleus  of  Ascaris  undergoing  chromosome 
diminution  (q.v.).  And  such  a  change  cannot  be  undergone  by  a 
nucleus  retaining  the  full  genetic  potentialities  of  the  species  {cf. 
Ch.  VIII). 

Summing  up,  recent  work  leaves  no  doubt  that :  whenever  a 
nucleus  divides  to  produce  two  daughter-nuclei  physiologically  or 
morphologically  equivalent  to  it,  i"t  does  so  by  mitosis.  Further, 
the  effective  test  of  a  nucleus  is  not  primarily  in  its  chemical  or 
physical  properties,  but  in  its  behaviour  :  a  nucleus  is  a  cell-body 
which  arises  or  reproduces  by  mitosis. 


CHAPTER  III 

MITOSIS  :    THE  VARIATION   OF   THE   CHROMOSOMES 

The  Subordination  of  the  Chromosomes  to  the  Genotype — Numerical  Variation 
of  the  Chromosomes — Polyploidy — Structural  Variation  of  the  Chromosomes — 
Fragmentation,  Translocation  and  Other  Changes — Comparative  Morphology  of 
the  Chromosome  Complement — The  Sources  of  Variation. 

II  n'y  a  reellement  dans  la  nature  que  des  individus. 

Lamarck,  Discours,  1804. 

I.  THE  MITOTIC  CONSTANTS 

The  chromosome  complement  of  an  individual  is  constant  not 
only  in  number  but  in  certain  other  respects  in  which  it  is  usually 
characteristic  of  its  race  or  clone.  These  mitotic  constants  are 
three  in  number  : — 

1.  The  Linear  Constant.  Each  chromosome  consists  of  a  linear 
arrangement  of  particles  which  is  constant  in  order  and  normally 
has  two  ends,  i.e.,  it  is  not  circular  or  branched.  Two  kinds  of 
particles  whose  constant  position  is  especially  expressed  at  mitosis 
are  the  centromere  and  the  nucleolar  organisers  which  determine 
centric  and  nucleolar  constrictions.  Centromeres  cannot  arise  de 
novo  and  chromosomes  cannot  divide  without  them.  Whether 
they  can  exist  without  chromosomes  is  not  known. 

2.  The  Volume  Constant.  The  bulk  of  the  chromosome  at 
metaphase  is  usually  constant.  It  may,  however,  be  affected  by 
developmental  conditions.  Chromosomes  are  sometimes  smaller  in 
rapidly  dividing  nuclei. 

3.  The  Spiralisation  Constant.  The  degree  of  coiHng  of  each  of 
the  chromosomes  in  the  complement  is  equal  and  constant.  This  is 
shown  by  the  equal  diameter  of  their  chromatids  and  by  the  con- 
stant length  of  each  chromosome.  Spiralisation  does  not  proceed 
further  than  to  reduce  each  part  of  a  chromatid  between  con- 
strictions to  a  sphere  if  this  is  of  less  than  the  standard  diameter. 
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The  developmental  conditions  of  rapid  mitosis  reduce  spiralisation 
below  the  constant  value  (as  in  Aggregata),  while  in  pre-meiotic 
mitoses  of  animals  it  may  be  increased  (as  in  Chorthippus,  Fig.  11). 

2.  GENOTYPIC  CONTROL 
Considering  these  constants,  we  can  see  that  there  are  some  that 
can  be  taken  as  expressing  the  permanence  of  the  thread  which  goes 
to  make  the  metaphase  chromosome.  Thus  the  potentiality  for  a 
constriction,  centromere  or  nucleolar,  and  the  relative  length  of  the 
chromosomes  must  be  directly  determined  by  the  permanent 
character  of  the  individual  chromosomes.     This  character  is,  how- 


FiG.   II. — Metaphase  in  early  and  late  spermatogonial  mitoses  of 
Chorthippus  parallelns  showing  different  degrees  of  spiralisation 
(2w  =  i6  +  X).    X  understained,  c/.  Chs.  VIII  and  IX.     x  2500 
(D..  1936^.) 

ever,  consistent  with  variation  in  the  appearance  of  the  chromosomes 
in  other  respects.  The  constant  diameter  of  the  chromosomes 
making  up  one  complement  especially  suggests  that  this  diameter 
has  nothing  to  do  with  the  permanent  structure  of  the  individual 
chromosomes,  but  is  a  racial,  i.e.,  a  genetic  character,  and  therefore 
subject  to  variation  through  genetic  change  [cf.  Ch.  I). 

This  means  that  the  genetic  properties  of  the  organism,  which 
are  controlled  by  certain  permanent  materials  (the  genes)  in  the 
chromosome  thread,  themselves  control,  within  certain  limits,  the 
form  that  this  thread  takes  up  at  metaphase  of  mitosis.  It  is  of 
the  utmost  importance  in  interpreting  observations  of  chromosomes 
in  terms  of  genetics  to  know  what  these  limits  are.     We  must 
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therefore  find  out  from  a  comparison  of  different  species,  races, 
mutants  and  hybrids  what  differences  in  the  chromosomes  can  be 
attributed  to  changes  in  their  permanent  structure  and  what 
differences  are  due  to  a  different  joint  reaction  of  the  genotype 
controlhng  the  chromosomes  as  a  whole.  Both  these  kinds  of 
difference  will,  on  the  chromosome  theory  of  heredity,  be  due  to 


Fig,  12. — Mitotic  metaphase  in  pollen  grains  from  different  flowers  of 
Tradescantia  brevicaulis,  showing  large  and  small  chromosome 
types.  A  small  chromosome  is  seen  in  the  left-hand  plate 
that  has  probably  been  lying  in  a  separate  nucleus,  a  persistent 
nucleolus  in  the  right-hand  one.  x  1800.  Cf.  Table  47,  p.  318 
(after  D.,  1929  c). 

changes  in  the  arrangements  or  properties  of  genes,  but  the  first 
will  show  in  the  part  directly  affected  while  the  second,  being  due 
to  gene  mutation,  will  not  be  visible  in  direct  effect  at  all,  but  will 
be  seen  by  its  altering  the  characteristic  form  or  behaviour  of  the 
complement  as  a  whole.  Since  both  changes  are  genetic,  the  second 
kind  will  be  distinguished  as  genotypic,  for  it  takes  effect  through 
the  action  of  the  genotype  as  a  whole  (D.,  1932  a). 
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The  following  examples  show  the  range  of  genotypic  control  seen 
at  mitosis. 

(i)  Chromosome  Volume,  {a)  Tradescantia  hrevicaidis  is  a  triploid, 
apparently  a  hybrid  between  tetraploid  Tradescantia  virginiana 
with  large  chromosomes  and  a  diploid  relative  with  smaller 
chromosomes  of  proportionate  diameter.  It  has  chromosomes 
intermediate  in  length  and  width  between  those  of  its  supposed 
parents.  In  the  pollen  grains  af  one  bud  of  the  plant  studied  the 
chromosomes  were  proportionately  reduced  to  one-fifth  and  the 
resting  nuclei  to  one-third  of  the  normal  size  (Fig.  12).  This  was 
not  associated  with  any  change  in  the  size  of  the  cell  (D.,  1929  c,  and 
unpublished  ;   cf.  Thomas,  1936,  on  Lolium,  Fig.  122). 

{b)  The  chromosomes  of  Vicia  sattva  and  Vicia  angustifolia  are 
smaller  in  the  hybrid  than  in  the  parental  species,  at  mitosis  and 
meiosis  (Sveshnikova,  1929,  a  and  h).  Similarly  Fg  hybrids  from 
Dianthus  monspessidamis  x  D.  plumariiis  have  chromosomes 
uniformly  smaller  than  either  of  the  parental  species  at  mitosis 
(Rohweder,  1934). 

(c)  In  Sphcerocarpus  Donnellii  the  chromosomes  as  a  whole  and  the 
cells  are  17  times  larger  in  the  female  than  in  the  male.  This  is 
largely  accounted  for  by  the  presence  in  the  female  of  the  large 
X  chromosome  instead  of  the  small  Y  chromosome,  but  partly  also 
by  the  greater  size  of  the  other  chromosomes.  Apparently  a  genetic 
factor  controlling  chromosome  size  is  correlated  with  sex  in  this 
species  (Lorbeer,  193c).  In  man  and  the  rat  the  chromosomes  are 
longer  (and  probably  proportionately  broader)  in  the  male  than  in 
the  female  (Evans  and  Swezy,  1928,  cf.  Table  12).  Similarly  the 
chromosomes  (or  at  least  the  X  chromosome)  are  larger  in  the  male 
Melandrium  than  in  the  female  (Belar,  1927).  Witschi  (1935) 
finds  that  the  chromosomes  are  four  times  as  large  in  the  oocytes 
as  in  the  spermatocytes  of  hermaphrodite  Lepas  anatifera  (Cirri- 
pedia).  In  this  case  differentiation  has  the  same  effect  as  has  a 
genetic  difference  in  other  cases. 

(d)  A  particularly  significant  change  is  found  in  haploid  Triton 
embryos,  where  the  chromosomes  are  larger  than  in  diploids  (Fank- 
hauser,  1934  h). 

These  changes  in  bulk  are  paralleled  by  the  effects  of  differences 
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of  hydrogen-ion  concentration  on  living  chromosomes  (Kuwada  and 
Sakamura,  1926),  and  are  probably  to  be  ascribed  to  differences  of 
dispersion  of  the  permanent  materials  (genes)  in  the  resting  nucleus 
and  in  the  chromosomes  rather  than  to  a  different  degree  of 
proliferation  of  these  materials. 

Cases  which  appeared  to  suggest  the  proliferation  of  permanent 
materials  and  to  clash  with  the  principle  of  genotypic  control  have 
been  described  by  Tischler  (1927)  in  Ribes  and  by  Skovsted  (1929, 
1934)  in  '^scttlus  and  Gossypium.  A  distinction  between  the  large 
chromosomes  of  one  species  and  the  uniformly  smaller  chromosomes 
of  another  species  (a  distinction  such  as  could  hardly  be  due  to 

Table  5 
Lengths  of  Chromosomes  in  Species  and  their  Hybrids 


Species. 

Hybrids. 

capillaris-neglecta. 

capillaris-iectorum. 

C.  capillar  is    . 
C.  tectorum 
C.  neglecta 

108 

156 

97 

126 
83 

109 
148 

Structural  change)  was  found  to  be  retained  in  the  hybrid.  These 
descriptions  have  not  been  confirmed  (D.,  1929  «  ;  Upcott,  1936  h). 

(ii)  Chromosome  Spiralisation.  (a)  Phragmatohia  fuliginosa 
occurs  in  two  races,  one  with  constantly  greater  linear  contraction, 
and  greater  width  of  chromatid  than  the  other  at  mitosis,  and  at 
meiosis  (Seller,  1925). 

(6)  Two  individuals  of  Melandrium  album  have  been  found  to 
have  chromosomes  constantly  about  one-third  the  normal  length. 
They  therefore  resembled  the  normal  meiotic  chromosomes  in  shape 
(Breslawetz,  1929). 

(c)  In  the  third  generation  from  the  cross  Viola  tricolor  by 
V.  Orphanidis,  a  segregate  appeared  having  longer  and  thinner 
chromosomes  than  the  parental  species,  or  indeed  any  other 
species,  of  Viola.  This  reduced  contraction  is  correspondingly 
effective  at  both  meiotic  divisions.     It  must  be  contrasted  with  the 
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Matthiola  mutation  in  chromosome  length  (Ch.  X),  which  affects 
only  the  first  meiotic  division  (J.  Clausen,  1931  c). 

Table  5  shows  the  total  relative  lengths  of  the  chromosomes 
at  mitosis  in  the  haploid  sets  of  three  Crepis  species  and  their  first 
generation  hybrids  (Navashin,  1931  b  ;    cf.  Fig.  7). 

The  chromosomes  of  capillaris  are  longer,  and  those  of  neglecta 
shorter,  in  the  hybrid  than  in  the  parent.  It  is  also  found  that 
their  bulk  is  the  same,  greater  length  meaning  less  width.  It  is  to 
be  assumed  that  the  species  are  genetically  different  in  regard  to  the 
control  of  spiralisation,  while  the  genotype  of  the  hybrid  determines 

Fig.  13. — Mitotic  metaphases  in  Crepis  capillaris.  A.  Normal. 
B.  In  a  root-tip  that  has  been  cooled  before  fixation.  This 
change  may  be  due  to  a  difference  in  life  or  to  a  difference  in  the 
conditions  of  fixation.  The  difference  is  parallel  to  that  found  in 
different  races  of  some  species.  X  ca.  2000  (from  Delaunay,  1930). 

a  uniform  width  in  its  chromosomes  whatever  their  width  in  the 
parent  from  which  they  are  derived  (cf,  Levan,  1936). 

This  difference  has  been  imitated  in  Crepis  by  cold  treatment 
before  fixation  (Delaunay,  1929,  cf.  Fig.  13  ;   cf.  Appendix  II). 

[e)  In  the  neuropteran  Hemerohius  pirn  the  chromosomes  are 
longer  and  slenderer  in  the  female  than  in  the  male  (Naville  and  de 
Beaumont,  1933). 

(iii)  Chromosome  Aggregation  and  Diminution.  In  certain 
species  of  Ascaris  the  fertiUsed  eg§  contains  a  small  number  of  large 
chromosomes.  At  the  second  and  later  segmentation  divisions  in 
those  cells  which  are  not  going  to  give  rise  to  germ  cells,  these 
large  chromosomes  break  up  into  numerous  small  ones  which 
remain  independent  in  all  the  nuclei  derived  from  them.  The 
change  is  thus  irreversible.  In  eggs  that  have  been  fertilised  by 
two  sperms  and  have  divided  into  three  or  four  cells  at  the  first 
division  instead  of  two,  the  number  of  nuclei  with  unfragmented 
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chromosomes  at  a  later  stage  was  correspondingly  increased.  Since  it 
occurs  in  some  species  and  not  in  others,  this  developmental  property 
is  evidently  genotypically  controlled,  and  the  character  may  be 
described  as  the  property  of  aggregation  of  the  smaller  chromosomes 
into  larger  ones,  which  is  irreversible  in  the  germ  tract  and  reversible 
in  the  somatic  nuclei,  for  the  related  species  have  the  unaggregated 
condition  in  all  their  nuclei  (Boveri,  1904). 

(b)  This  requires  that  the  centromeres  of  all  the  chromosomes 
in  an  aggregate,  save  one,  shall  be  functionally  suppressed,  the 
breaking-up  of  the  aggregate  then  being  due  to  the  revival  of  their 
activity.     How  this  probably  happens  we  shall  see  later. 

In  Ascaris,  at  the  same  time  as  fragmentation,  and  in  Miastor 
and  Sciara  (Diptera),  in  the  same  circumstances,  portions  of  the 
chromosome  complement  are  left  on  the  equatorial  plate  at  anaphase. 
The  portions  lost  are  the  distal  ends  of  the  fragmenting  chromo- 
somes in  Ascaris  and  half  the  number  of  the  chromosomes  in  Miastor. 
This  change  is  necessarily  irreversible  [Miastor,  Kahle,  1908  ; 
Hegner,  1914 ;  Ascaris  lumbricoides,  Boveri,  1904 ;  Sciara,  Du 
Bois,  1933). 

(c)  In  Ascalaphus  libelluloides  (Naville  and  de  Beaumont,  1933) 
there  occurs  a  fragmentation  of  two  homologous  chromosomes, 
the  sex  chromosomes.  This  change  occurs  gradually  in  mitosis 
and  it  is  variable.  It  is  also  reversed  entirely  at  the  second  meiotic 
division.  In  the  hemipteran  Acholla  (Payne,  1910)  the  X  chromo- 
some seems  to  have  broken  up  into  five  elements,  but  its  breakage 
is  permanent.  Aggregation  in  Phragmatobia  and  Philosamia  is 
probably  also  genotypically  controlled,  but  diminution  in  Drosophila 
affecting  particular  chromosomes  is  more  probably  structurally 
controlled  (cf.  D.,  1932). 

(iii)  Conclusion.  These  observations  confirm  the  a  priori  views 
set  out  earlier.  The  relative  form  and  behaviour  of  the  chromosomes 
at  mitosis  in  the  same  complement  is  determined  by  the  length  and 
linear  structure  of  the  chromosome  thread  which  exists  permanently 
at  division  and  in  the  resting  nucleus.  Under  different  physiological 
conditions,  however,  the  same  thread  will  behave  differently  in 
regard  to  (i)  the  bulk  it  assumes  at  metaphase  ;  (ii)  the  degree  of 
spirahsation  it  undergoes  during  prophase  ;    (iii)  the  aggregation 
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Figs.  14  and  15. — Diagram  to  show  the  kinds  of  change  produced 
genotypically  and  structurally  in  the  chromosomes.  In  Ascaris, 
genotypic  control  determines  a  structural  change. 

of  its  parts  at  all  stages  ;  and  (iv)  the  normal  separation  of  its 
halves  to  opposite  poles  at  anaphase.  The  last  two  are  determined 
by  the  activity  of  the  centromere  which,  having  its  own  organisa- 
tion, reacts  in  its  own  way  to  special  conditions  in  the  cell. 
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It  follows  that  the  chromosome  difterences  observed  between 
individuals  and  also  between  species  must  be  interpreted  in  terms 
of  physiological  conditions.  For  example,  a  difference  in  the  size 
of  one  chromosome  may  have  much  greater  genetic  and  systematic 
importance  than  a  difference  in  the  size  of  all  the  chromosomes  in 
the  complement,  for  a  general  change  may  be  determined  by  a 
change  in  a  single  gene  in  one  chromosome,  if  this  happens  to  alter 
the  genetic  properties  of  the  organism  in  regard  to  chromosome 
behaviour.  Further,  the  individuality  of  the  chromosomes  is  a 
purely  mechanical  individuality.  The  individual  chromosome  has 
no  independent  physiological  control  over  its  external  form  any 
more  than  it  has  over  anything  else.  The  chromosome  is  a  unit 
statically  as  a  structure  seen  at  mitosis,  dynamically  as  an  organ  of 
segregation  ;  physiologically,  it  is  merely  part  of  the  genotype  to 
which  in  many  important  properties  it  is  subordinate.  This 
subordination  may  be  likened  to  the  subordination  of  members  of  a 
legislature  as  individuals  to  the  laws  they  enact  as  a  body. 

It  is  therefore  necessary  to  distinguish  in  all  chromosome 
behaviour  between  what  is  determined  by  the  special  properties  of 
the  individual  particles  and  what  is  determined  by  the  genetic 
reactions  of  the  chromosomes  as  a  whole,  i.e.,  by  the  genotype. 
This  is  particularly  important  for  the  analysis  of  the  more  complex 
phenomena  of  meiosis,  where  genotypic  control  plays  an  even  more 
important  part. 

3.    NUMERICAL  VARIATION 

(i)  Classification  of  Changes.  The  characteristic  group  of  chromo- 
somes found  at  mitosis  is  spoken  of  as  its  complement.  This  com- 
plement in  a  diploid  is  made  up  of  two  haploid  sets.  Reduplication 
of  some  of  the  chromosomes  of  a  set  beyond  the  normal  diploid 
number  is  called  polysomy,  reduplication  of  the  whole  set  so  that 
the  nucleus  contains  three,  four  or  more  sets  is  called  polyploidy. 
The  two  combined  give  secondary  polyploidy  (D.  and  Moffett,  1930). 
Any  of  these  can  result  from  abnormalities  of  (i)  mitosis,  (ii)  meiosis, 
(iii)  fertilisation. 

Polyploidy  in  itself  involves  no  change  in  the  numerical 
proportions  of  the  chromosomes  in  the  set  ;  it  is  said  to  be  a 
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Table  6 
Types  of  Chromosome  Constitution 


Deficient  Gamete 

{X  -   I). 

Haploid  {x). 

Diploid  [2x). 

Triploid  {3X). 

Tetraploid  (4X). 

A 

A 

AA 

AAA 

AAAA 

B 

B 

BB 

BBB 

BBBB 

C 

C 

CC 

CCC 

CCCC 

— 

D 

DD 

DDD 

DDDD 

E 

E 

EE 

EEE 

EEEE 

Uvularia, 

Normal 

Normal  zygote. 

{v. 

(y.  Table  32). 

Belling,  1925. 

Gamete. 

"  Unreduced  " 

gamete 

(y.Ch.X). 

Table  32). 

Monosomic  Diploid 

(2X   -   I). 

Trisomic  Diploid 

{2X   +   J). 

Tetrasomic  Diploid 

(2X  +  2). 

Doubly  Trisomic 
Diploid  (2x-\- 1  -\-  i). 

AA 

AAA  or  AA 

AAAA 

AAA 

BB 

BB          BBB 

BB 

BBB 

CC 

CC           CC 

CC 

CC 

D 

DD          DD 

DD 

DD 

EE 

EE          EE  etc. 

EE  etc. 

EE  etc. 

Zea  Mays,  McClintock, 

fEnothera  (no  2x  +  2),  Datura,  etc. 

(Enothera. 

1929  c  ;     Drosophila, 
Bridges,  1916 ;  Mohr, 

(Tables  47-52). 

Datura. 
Solanum. 

1932. 

Trisomic  Tetraploid 

{4X  -  I). 


AAAA 
BBBB 
CCC 
DDDD 
EEEE  etc. 


Pentasomic  Tetraploid 
(4X  +  I). 


AAAAA 
BBBB 
CCCC 
DDDD 
EEEE  etc. 


Datura,  Belling  and  Blakeslee,  1924. 
Primula  kewensis,  Newton  and  Pellew,  1929. 
Biscutella  Icsvigata,  Manton,  1932. 
Cf.    Triticum     vulgare    {6x  +  1),    Kihara,     192 1 
Huskins,  1928. 


Doubly  Hexasomic  Tetraploid 

{4X  +  2  +  2). 


AAAA  AA 
BBBB  BB 
CCCC 
DDDD 
EEEE  etc. 

Secondary      polyploids, 
e.g.,    Dahlia    Merckii. 
Pomoideae  {v.  Ch.  VI). 


"  balanced  "  variation.     Polysomy,  on  the  other  hand,  does  involve 
such  a  change  ;  it  is  said  to  be  an  "  unbalanced  variation,"  and 
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has  on  this  account  an  entirely  distinct  physiological  effect 
(v.  Ch.  VII). 

The  reciprocal  results  from  the  same  series  of  errors  as  those 
which  give  polyploidy  and  polysomy  are  found  in  cells  or  in  whole 
organisms  which  lack  either  individual  chromosomes  through  an 
error  of  mitosis  {e.g.,  Zea  Mays,  McClintock,  1929  c)  or  meiosis  (e.g., 
Haplo-IV  in  Drosophila,  Plate  XII,  Fig.  121)  or  whole  chromosome 
sets  (e.g.,  haploid  parthenogenesis,  q.v.). 

The  table  explains  the  nomenclature  of  polyploids  by  examples 
from  a  type  with  a  haploid  set  of  five  chromosomes  (A  to  E),  and 


Fig.  16. — Mitotic  metaphases  in  haploid  (after  Hollingshead,  1930). 
diploid,  trisomic  diploid,  triploid  and  pentaploid  (from  Navashin, 
1926)  in  Crepis  capillaris  {x  —  3,  chromosomes  labelled  A,  C  and 
D).     X  1500. 

shows  the  conventional  formulae  in  terms  of  the  haploid  number  x. 
Thus  X  is  5  and  a  trisomic  diploid  has  11  chromosomes. 

Since  a  zygote  usually  receives  two  similar  sets  of  chromosomes 
from  its  two  parental  gametes,  their  number  is  conventionally 
referred  to  as  2n  ;  where  the  chromosomes  pair  regularly  at  meiosis 
they  therefore  form  n  pairs.  Now  in  a  particular  individual  these 
2n  chromosomes  may  consist  of  three  sets  or  four  sets  of  chromosomes 
relative  to  its  own  parents  or  ancestors.  In  the  present  work, 
therefore,  the  "  basic  number  "  of  this  ancestral  set  is  distinguished 
by  the  sign  x.  Thus  in  Triticum  vulgar e  2n  =  42  and  x  =  y,  the 
somatic  chromosome  number  is  therefore  hexaploid  (6x).  Similarly 
in  a  trisomic  tetraploid  form  of  Primula  kewensis  (where  x  =  g) 
2n  =  35,  and  this  number  will  be  represented  as  4.^  —  1.  The 
endosperm,  since  it  is  a  characteristically  triploid  phase  of  the  life 
of  the  plant,  may  be  referred  to  as  ^n. 
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Wlien  polyploid  and  polysomic  cells  or  whole  individuals  arise  in 
experiment  they  can  be  identified  by  four  criteria  :  (i)  The  physio- 
logical properties  of  the  organism,  depending  on  the  balance  of  the 
chromosomes,  (ii)  The  number  of  the  chromosomes,  (iii)  The 
form  of  the  chromosomes.  This  test  is  applied  in  the  study  of 
mitosis,  and  is  completely  satisfactory  in  favourable  material, 
e.g.,  in  Crepis,  where  each  type  of  chromosome  can  be  recognised 
(Fig.  16).  (iv)  The  pairing  of  the  corresponding  chromosomes  at 
meiosis  (q.v.). 

(ii)  Polyploidy.  Tetraploid  nuclei  arise  from  diploid  in  the 
somatic  tissue  of  plants  and  animals,  probably  through  failure  of 
the  two  bodies  of  chromosomes  to  separate  at  the  anaphase  of  a 
mitosis  {v.  somatic  pairing,  Ch.  VI).  Such  nuclei  are  normally 
found  in  certain  specialised  tissues  of  animals  and  very  generally 
in  some  Hymenoptera.  They  have  been  observed  amongst 
spermatocytes  in  the  moth  Philosamia  cynthia  (Dederer,  1928),  and 
in  Drosophila  (Bridges,  1925  a).  They  are  also  usual  in  certain 
abnormal  or  degenerating  tissues,  such  as  the  galls  produced 
by  parasites  {Beta  maritima,  Nemec,  1926)  the  tapetal  tissue 
surrounding  the  pollen  mother-cells  and  in  the  embryonic  mem- 
branes of  animals.  Here  tetraploid  and  octoploid  nuclei  are 
regularly  found.  Such  aberrations  may  also  be  induced  by  special 
treatment,  as  in  Boveri's  experiments  with  echinoderm  eggs, 
where  the  division  of  the  centrosome  was  inhibited  and  a  single 
nucleus    reconstituted    at    the    end   of    mitosis    (cf.    Fankhauser, 

1934). 

Particular  chromosomes,  especially  very  small  ones,  sometimes 

fail  to  divide  regularly  at  mitosis  ;    both  halves  pass  to  the  same 

pole,   so  that  nuclei  with  variable  numbers  arise   (Mohr,   1932), 

This  has  been  found  with  small  chromosomes  in  the  extreme  case  in 

Tulipa  galatica  (Upcott,  unpub.)  where  the  same  plant  may  have 

some  nuclei  with  four  and  others  with  as  many  as  nineteen  small 

chromosomes.     Such  a  wide  variation  can  come  about  only  where 

the  small  chromosomes  are  inert  and  therefore  do  not  affect  the 

growth  of  the  cells  by  the  changes  in  their  number. 

The  callus  tissue  developed  round  wounds  by  some  of  the  higher 

plants  is  particularly  liable  to  such  abnormalities.     Double  nuclei 
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have  been  found  in  the  callus  of  a  haploid  tomato  by  Lindstrom 
and  Koos  (1931),  and  in  this  way  tetraploid,  octoploid  and  other 
abnormal  nuclei  may  arise  in  the  diploid.  In  the  haploid  Triticum 
multiple  fusion  occurs  and  in  a  root-tip  of  Crepis  tectorum  Navashin 
(1926)  has  found  a  dividing  cell  with  500  chromosomes  instead  of 
the  normal  8  [i.e.,  125^;).  Tetraploid  (4^:)  plants  first  arose  in  this 
way  in  grafting  experiments  in  Solanum  (Winkler,  1916)  and  Crane 
(cf.  Jorgensen  and  Crane,  1927  ;  j0rgensen,  1928  ;  Sansome,  1931) 
developed  the  method  to  produce  tetraploids  systematically. 
Usually  about  6  per  cent,  of  adventitious  callus  shoots  are  tetra- 
ploid in  5.  Ly coper sicum.  Poisoning  and  ill-treatment  of  various 
kinds  have  been  used  to  induce  doubling  of  the  chromosome  number 
in  root-tips  (cf.  De  Mol,  1921  ;   Nemec,  1929). 

Doubled  nuclei  having  arisen  with  normal  frequency  probably 
develop  with  exceptional  vigour  in  haploids  ;  such  plants  have 
arisen  by  failure  of  fertilisation.  They  are  weak  in  growth  and  are 
often  distorted  and  modified  by  the  occurrence  of  diploid  tissues, 
with  larger  cells  either  as  islands  or  as  whole  shoots  [cf.  Hollingshead 
1930  ;  V.  Ch.  VI).  Thus  amongst  no  root-tips  of  haploid  Crepis 
capillaris  there  were  42  wholly  diploid  and  28  partly  diploid,  and 
one  partly  tetraploid.  Amongst  82  root-tips  of  haploid  Nicotiana 
Tahacum,  22  were  wholly  diploid  and  8  partly  diploid  (Ruttle,  1928  ; 
cf.  Webber,  1933).  Datura  and  Oryza  haploids,  like  those  of  Crepis 
(cf.  Hollingshead,  1930  a)  have  yielded  diploid  shoots  (cf.  Meurman, 
1933,  on  Acer  ;  Hruby,  1935  h,  on  Salvia). 

In  tissues  in  which  polyploid  nuclei  have  arisen,  these  nuclei  have 
been  observed  to  divide  by  multipolar  mitoses.  A  spindle  is  then 
formed  with  three  or  four  poles,  as  in  a  doubly  fertilised  echinoderm 
Qgg,  and  the  chromosomes  are  distributed  at  random  to  these  poles. 
This  has  been  found  both  where  the  polyploid  cells  were  developed 
in  galls  and  following  chloralisation.  The  result  is  the  production 
of  nuclei  with  chromosome  numbers  once  more  reduced  (Nemec, 
1926,  1929).  This  is  perhaps  the  basis  of  rare  variations  such  as  the 
halving  of  the  number  in  the  tetraploid,  observed  by  Winkler  (1921) 
in  Solanum  nigrum.  Randolph  (1932)  by  treatment  of  the  parents 
with  high  temperatures,  has  induced  the  formation  of  tetraploid 
cells  (as  well  as  other  abnormalities)  in  young  embryos  from  which 
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plants  wholly  or  sectionally  tetraploid  have  developed  (cf.  Dorsey, 

1936). 

The  chief  occasion  of  polyploidy  in  plants  and  in  many  animals  is 
the  reunion,  or  failure  of  separation,  of  daughter  nuclei  in  the 
germinal  cells  at  the  last  divisions  before  meiosis.  This  is  known 
as  syndiploidy  (i'.  Table  7).  In  some  cases  multinucleate  cells 
may  be  formed  without  fusion  [e.g.,  in  Zea).  In  most  cases  the 
fusion  takes  place  after  the  pachytene  stage  of  meiosis  (q.v.),  for 
the  nucleus,  although  tetraploid,  does  not  produce  quadrivalent s 
at  metaphase  in  Datura,  Zea,  Prunus,  Chorthippus,  or,  as  a  rule,  in 
Brassica.  In  Prunus  and  Chrysanthemum  the  abnormality  is  more 
far-reaching,  for  small  supernumerary  nuclei  may  be  formed.  This 
correlation  of  failure  of  formation  of  the  cell-wall  with  failure  of 
aggregation  of  the  chromosomes  into  single  nuclei  is  characteristic  of 
extreme  cases,  for  both  processes  depend  upon  the  activity  of  the 
spindle. 

The  observations  on  animals  and  on  Brassica  and  Datura  show 
that  the  abnormality  is  often  a  racial,  i.e.,  a  genetic,  character.  It 
has  been  more  frequently  discovered  in  hybrids,  partly  because 
they  have  been  studied  more  closely,  and  partly  because  it  is  an 
undesirable  character  eliminated  in  species. 

Table  7 
Instances  of  Syndiploidy  in  Male  Germinal  Cells 

A,  Animals 

Lacertilia,  various  species,  Painter,  192 1. 

Iguanidae,  all  species.  Painter,  192 1. 

Gomphocerus  maculatus  (Orthoptera),  Eisentraut,  1926.  , 

Chorthippus  elegans  D.  1932  d  {cf.  also  Table  i6b  (p.  145) ). 

B.  Plants 

CEnothera        ....     Geerts,  1909  ;   HS,kansson,  1927. 
Lactuca  ....     Gates  and  Rees,  192 1. 

Zea  Mays        ....     McClintock,  1929. 

Beadle,  1930  (asynaptic  genotype). 
Triticum  compactum  (w)    .  .     Gaines  and  Aase,  1926. 

Raphanus  x  Brassica       .  .      Karpechenko,  1927, 

Nicotiana  tabacum  {n)       .  .     Ruttle,  1928. 

Pyrus  Mains  ....     Kobel,  1927. 

Nebel,  1929. 
Triticum  X  ^gilops  {^x)  .  .      Kagawa,  1929  a  ;  Kihara,  Lilienfeld,  i934- 
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Prunus  avium  vars. 
Brassica  japonica  (race)    . 
Datura  Stramonium  (race) 
Anthoxanthum  odoratum  {^x) 
A  vena  sativa  (6x  —  2) 
Chrysanthemum  ornatum  . 
Taraxacum  vulgare  . 
Crepis  capillaris  (w) 


D.,  1930- 
Fukushima,  I93i- 
Blakeslee,  1929- 
Kattermann,  1931- 
Nishiyama,  1931- 
Shimotomai,  1931- 
Gustafsson,  1932. 
Hollingshead,  1930  a. 


There  is  evidence  for  somatic  doubling  in  other  tissues  being  also 
determined  by  a  special  racial  propensity  in  some  cases.  In 
Kniphofia  Nelsonii  one  plant  had  independent  and  repeated  doubling 
in  root  and  stem,  giving  tetraploid  and  octoploid  tissue  (Moffett, 
1932  ;  cf.  Meurman,  1933,  on  Acer).  This  is  doubtless  correlated 
with  the  spindle  abnormalities  found  in  the  pollen  mother-cells 
(Ch.  X).  Octoploid  nuclei  are  also  found  in  the  abnormal  race  of 
Datura.  In  Citrus  limonum  tetraploid  seedlings  arise  vegetatively 
in  a  regular  proportion,  probably  through  especially  frequent 
doubling  in  nucellar  tissue  (Frost,  1925  ;   v.  nucellar  embryony). 

Tetraploid  tissue  in  these  cases  and  in  others  seems  to  arise 
regularly  in  certain  structures  as  an  adaptation  of  the  species.  For 
example,  in  Cannabis,  the  periblem  cells  are  generally  tetraploid, 
having  40  chromosomes  instead  of  the  20  found  in  the  plerome  (de 
Litardiere,  1925  ;   Breslawetz,  1926,  1935). 

Another  source  of  polyploidy  is  from  failure  of  reduction  in  the 
maturation  in  both  male  and  female  germ  cells.  This  failure  is 
particularly  common  at  meiosis  in  hybrids,  but  may  also  be  a 
racial  character  (v.  Ch.  X).  The  distinction  between  this  method 
of  origin  and  the  first,  by  somatic  doubling,  can  often  be  made  in  a 
particular  case  because  a  somatic  change  will  give  a  whole  tetraploid 
region  with  diploid  germ-cells,  while  diploid  germ-cells  will  only 
arise  sporadically  by  the  second  method  (Ch.  VI). 

Finally,  tetraploidy  may  arise  by  natural  apospory  and  artificial 
regeneration  in  ferns  and  mosses  (Ch.  XI). 

Tetraploid  animal  forms  have  appeared  in  experiment  only  in 
Drosophila  melanogaster .  In  the  females  of  this  species  Bridges  has 
found  tetraploid  (and  hexaploid)  tissue  in  the  ovary.  This,  giving 
diploid  eggs,  yields  triploid  offspring  which  in  the  second  generation 
has  given  a  few  tetraploids  producing  diploid  eggs  (Morgan  et  alii, 
1925) .     Polyploids  are  only  known  naturally  in  a  few  animal  species. 
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These  are  parthenogenetic  in  the  tetraploid  form  when  sexual  in  the 
diploid  (v.  Ch.  XI).  Polyploidy  can  be  inferred  from  their  chromo- 
some numbers  in  the  hermaphrodite  Mollusca  and  Annelida. 

This  suggests  that  the  rarity  of  tetraploid  animal  forms  is  due  to 
the  upset  of  the  chromosome  mechanism  of  sex  differentiation,  as 
has  been  found  in  Empetnim  (Hagerup,  1927)  where  a  diploid 
species  is  dioecious  while  its  tetraploid  relative  is  hermaphrodite. 
It  may  be  thought,  on  the  other  hand,  that  the  closed  growth 
system  of  animals  is  responsible  for  the  absence  of  polyploids,  but, 
while  this  is  a  factor  which  will  operate  against  their  occurrence,  it 
does  not  account  for  the  complete  absence  of  sexually  reproducing 
polyploids  (cf.  Muller,  1925  h). 

The  nuclei  of  the  endosperm  in  the  flowering  plants  are  triploid 
through  the  fusion  of  three  nuclei,  but  such  is  not  the  origin  of  most 
triploid  plants  in  experiment  and  in  nature.  One  method  of  origin 
is  by  an  abnormality  in  somatic  mitosis  in  the  haploid  generation. 
Newton  (1927)  found  nuclei  at  the  third  division  of  the  embryo-sac 
with  the  diploid  number  of  chromosomes,  instead  of  the  haploid, 
in  many  species  of  the  Leiostemones  section  of  Tulipa,  of  which  this 
behaviour  appears  to  be  a  characteristic.  The  doubling  sometimes 
occurs  regularly  and  presumably  through  the  failure  of  anaphase 
separation  at  the  division  of  one  of  the  first  two  daughter  nuclei  in 
the  embryo-sac  (the  second  meiotic  division).  When  it  happens 
at  the  antipodal  end  it  will  result  in  the  formation  of  endosperm 
with  the  tetraploid  instead  of  the  usual  triploid  number.  When 
it  happens,  as  it  does  exceptionally,  at  the  egg-cell  end,  the  embryo 
resulting  from  fertilisation  will  be  triploid.  This  aberration  there- 
fore accounts  for  the  occurrence  of  triploid  forms  and  species  in 
Tulipa  and  perhaps  elsewhere  in  the  Liliaceae  where  non-hybrid 
triploids  are  common  (v.  Ch.  V). 

Triploids  are  probably  derived  more  often  through  failure  of 
reduction  at  meiosis  {q.v.)  on  one  side,  and  the  consequent  fusion  of 
reduced  {n)  and  unreduced  {2n)  gametes.  In  this  way  triploids 
have  been  produced  in  Ascaris  (Boveri),  Drosophila  (Bridges,  192 1  a), 
and  in  PygcBva  hybrid  back-crosses  (Federley,  1912,  1931).  This 
method  of  origin  is  particularly  frequent  in  the  dicotyledons  (Ch. 
VII). 

3—2 
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Finally  triploids  arise  by  hybridisation  between  diploids  and 
tetraploids  of  the  same  species  (CEnothera,  Primula,  Zea,  Datura)  or 
of  another  (Rubus,  Primus,  Fragaria,  Avena,  Triticum)  {v.  Table  28d). 

(iii)  Polysomy.  Polysomic  forms  arise  in  a  diploid  through  two 
daughter  chromosomes  passing  to  the  same  pole  at  mitosis,  or  at 
meiosis.  The  first  abnormality  is  doubtless  stimulated  by  adverse 
external  conditions,  but  disproportionately  small  chromosomes  are 
especially  liable  to  it  [v,  infra).  The  same  abnormality  affects 
the  ordinary  members  of  the  chromosome  complement  less  fre- 
quently. Navashin  (1930)  has  observed  the  two  halves  of  one 
chromosome  passing  to  one  pole  in  the  plant  of  Crepis  tectorum  with 
the  ring-chromosome.  In  Drosophila,  irregular  division  in  this  way 
is  the  cause  of  gynandromorphism  when  a  female  cell  with  two 
X-chromosomes  gives  a  daughter  cell  with  one  X  which  yields 
a  male  sector  in  an  otherwise  female  animal,  and  of  "  diminished 
mosaics  "  when  a  fourth  chromosome  is  lost  (Mohr,  1932  ;  cf. 
Crew  on  Melopsittacus,  Fig.  121). 

The  second  abnormality  has  been  shown  to  follow  in  meiosis  : 
(a)  failure  of  pairing  ;  {b)"  non-disjunction  "  of  paired  chromosomes 
which  then  pass  to  the  same  pole  ;  {c)  "  non-disjunction  "  or 
irregular  distribution  of  the  components  of  a  multivalent 
configuration  in  a  polyploid  or  of  a  ring  in  a  structural  hybrid. 
The  first  of  these  cannot  strictly  be  called  non-disjunction,  although 
this  term  is  used  by  geneticists  to  cover  the  results  of  all  three  types 
of  abnormality,  when  they  cannot  be  directly  identified. 

Trisomic  plants  regularly  arise  by  crossing  diploid  with  triploid 
in  Solanum,  Crepis  and  elsewhere  [v.  Ch.  VI). 

They  also  appear  through  two  daughter  chromosomes  passing 
to  the  same  pole  in  mitosis,  either  spontaneously,  as  has  happened 
in  Datura  and  S cilia  (D.,  1926)  or  following  abnormal  treatments 
which  will  be  described  later.  How  often  trisomic  nuclei  arise  in 
mitosis  we  do  not  know,  because  they  are  probably  often  eliminated 
in  competition  with  the  normal  diploid  nuclei.  There  is  evidently 
a  struggle  for  existence  amongst  meristematic  cells,  at  least  in  the 
higher  plants.  This  struggle  favours  the  normal  diploid  at  the 
expense  of  the  abnormal  haploid  or  trisomic  or  tetraploid,  so  that 
the  abnormal  types  appear  to  be  more  changeable  than  the  normal. 
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Thus  we  see  frequently  that  trisomic  plants  give  rise  to  diploid 
tissues  or  whole  shoots  (Crepis,  Navashin,  1931  a  ;  Sphcerocarpus, 
Knapp,  1935  h).  In  high  polyploid  mosses  artificially  produced, 
Wettstein  (1924)  found  that  chromosomes  were  frequently  lost. 
This  "  vegetative  regulation  "  is  probably  the  result  of  a  similar 
competition  of  cells  with  different  nuclear  complements. 

4.    STRUCTURAL  VARIATION 

(i)  Classification.  The  permanence  in  structure  of  the  chromo- 
somes is  due  to  the  permanence  in  linear  order  of  a  series  of  different 
particles,  one  of  which  must  always  be  a  centromere,  the  rest 
chromomeres.  We  can  then  represent  two  chromosomes  by  taking 
a  letter  to  stand  for  each  chromomere  and  an  unspaced  colon  for 
the  centromere,  as  ah  :  cdef  and  ghj  :  klm. 

We  may  postulate  several  types  of  change  in  the  structure  of  the 
chromosomes  that  are  compatible  with  this  linear  arrangement,  and 
with  having  one  centromere  in  each  chromosome.  The  following 
are  the  simplest  : — 

(i)  Inversion  of  de  segment : 

ah  :  cdef  —>  ah  :  cedf. 

(ii)  Translocation  of  the  intercalary  de  segment,  either  from  one 
arm  of  a  chromosome  to  the  other,  or  to  an  arm  of  another 
chromosome,  as  : 

ah  :  cdef  +  ghj  :  klm  -^  ah  '.  cf  -\-  ghj  :  kdelm. 

(iii)  Deficiency  or  loss  of  part  of  a  chromosome  following  its 

breakage, 
(iv)  Interchange  between  arms  of  different  chromosomes  : 

ah  :  cdef  -\-  ghj  :  klm  ah  :  cdlm  +  ghj  :  kef 

Interchange  between  two  arms  of  one  chromosome  is  the  same 
thing  as  inversion  of  the  centric  or  centromere-containing  segment 
between  them. 

The  detailed  evidence  of  meiosis  shows  that  these  a  priori  types 
of  structural  change  actually  occur.  The  evidence  of  their  occur- 
rence that  can  be  derived  from  mitosis,  however,  is  incomplete, 
indirect  and  sometimes  even  misleading.     The  changes  that  are 
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readily  visible  in  mitotic  chromosomes  are  necessarily  restricted  to 
four  types  ;  first,  independent  changes  of  size  that  may  be  attri- 
buted to  loss  or  gain  following  deficiency  or  translocation  ;  secondly, 
related  changes  of  size  in  two  chromosomes  such  as  may  be  attributed 
to  translocation  or  interchange  between  them  ;  thirdly,  changes  in 
the  position  of  the  centromere  that  may  be  attributed  to  inversion 

Table  8 
Analysis  of  Variation  in  Crepis 


Crepis  t 
(»  = 

ectorum 
=  4). 

Crepis  capillaris 
(n  =  3). 

Normal  individuals 

3>957 

1,989 

Numerical  variants  : 

3^       .         .         •         . 

i6 

II 

4x       .         .         .         . 
5^                          •         • 

5 

(I)* 

2X  -\-  1 

10 

2A;  +  2 

4 

Total 

4 

39 

II 

Structural  variants  : 

Fragmentation 
Translocation 

3t 
It 

Total 

4 
4,000 

Total   . 

2,000 

*  Different  series  of  observations. 

t  One  was  trisomic. 

X  Also  showed  fragmentation. 


of  the  segment  containing  it  ;  lastly,  changes  in  number  of  chromo- 
somes that  may  be  attributed  to  fusion  and  fragmentation  pro- 
visionally, but  which  must  be  due  to  secondary  charges  following 
interchange,  since  with  normal  monocentric  chromosomes  a  change 
in  the  number  of  chromosomes  means  a  change  in  the  number  of 
centromeres.  Such  a  secondary  change  will  usually  have  occurred 
as  a  result  of  the  recombinations  at  meiosis  which  we  shall  consider 
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later.  Chromosomes  with  two  centromeres  and  with  none  (dicentric 
and  acentric)  are  found  only  immediately  after  they  have  arisen  in 
special  X-ray  experiments,  for  they  are  unable  to  survive  mitosis 
indefinitely.  They  must  result  from  interchange  that  is  asym- 
metrical with  respect  to  the  centromere  (Ch.  XII). 

Thus  the  common  observation  of  mitosis  enables  us  to  infer  the 
occurrence  of  several  different  kinds  of  changes,  but  it  does  not 
alone  enable  us  to  define  the  nature  of  these  changes.  The  observa- 
tions of  meiosis  and  of  special  types  of  mitosis  is  necessary  for  this. 
They  reveal  many  changes  that  are  necessarily  invisible  at  mitosis 
such  as  equal  interchanges,  inversions  not  including  the  centromere 
or  symmetrical  with  regard  to  it,  and  very  small  translocations. 
These  show  that  all  the  conceivable  structural  transformations 
of  chromosomes  occur  in  nature  and  are  responsible  for  the  changes 
in  number  and  size  that  are  found  in  chromosome  complements. 

The  relative  importance  of  the  different  kinds  of  visible  change 
occurring  spontaneously  has  been  shown  in  two  species  of  Crepis 
from  analysis  of  6,000  plants  by  Navashin  (1926)  as  in  Table  8. 

(ii)  Time  and  Place  of  Structural  Changes.  From  these  observa- 
tions several  definite  conclusions  can  be  reached  in  regard  to  when, 
where,  and  how  structural  changes  arise,  as  follows  : — 

1.  Structural  changes  occur  in  chromosomes  both  in  the  mitotic 
and  in  the  meiotic  phase.  They  probably  occur  during  the  resting 
stage,  or,  at  meiosis,  during  the  prophase  (v.  Ch.  VII,  secondary 
changes  and  crossing  over).  The  occurrence  in  mitotic  nuclei  is 
mostly  clearly  shown  by  Navashin's  observations  (1931  a)  of 
chimaeras  in  Crepis  roots  consisting  of  altered  and  unaltered  cells 
and  by  four  pollen  mother-cells  in  Secale  having  an  interchange 
while  all  their  neighbours  were  normal,  the  interchange  therefore 
having  taken  place  two  mitoses  earlier.  The  occurrence  at  meiosis 
is  most  clearly  shown  by  observations  of  new  fragments  both  at  the 
metaphase  of  the  first  meiotic  division  and  at  the  first  post-meiotic 
division  in  Tradescantia. 

2.  New  structural  types  may  fail  to  survive.  Obviously  a  new 
acentric  fragment  will  not  survive  mitosis  unless  it  develops  a  new 
one,  which  it  apparently  cannot.  Fragments  of  various  sizes  are 
found    at    the    pollen    grain   mitosis   in    Tradescantia    virginiana, 
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degenerating  (Fig.  12).  It  seems  probable  that  these  are  ones 
lacking  a  centromere.  Others  behave  normally  as  new  chromo- 
somes. These  are  all  the  same  size,  about  one-tenth  the  length  of 
a  normal  chromosome  in  this  and  other  genera  (e.g.,  Fritillaria  and 
Ranunculus). 

3.  Except  for  such  observations  of  the  first  post-meiotic  division, 
it  is  only  possible  to  see  those  new  structural  types  which  have 
survived  many  mitoses.  These  show  a  great  range  of  form,  but 
certain  other  restrictions  are  evident.     Thus  fusion  only  occurs 


Fig.  17. — Metaphase  of  mitosis  in  the  root-tip  of  a  seedling  of  Tulipa 
galatica,  2«  —  24  +  igff.  Note  the  lack  of  synchronisation  in 
the  orientation  and  division  of  fragments  (black).  x  2,^00 
(Upcott,  unpub). 

between  new  fragments  and  old  chromosomes  (as  in  translocation) 
or  between  whole  chromosomes  which  have  a  centromere  close  to 
the  end.  Fusion  then  occurs  near  the  centromere  (e.g.,  in  McClung's 
observations  on  the  Acrididae).  Here  again  the  fusions  which  occur 
may  be  at  random  and  those  that  are  seen  may  be  the  selected 
survivors.  Such  cases,  as  we  have  seen,  are  most  easily  explained 
as  the  result  of  unequal  interchange. 

4.  Once  the  new  structural  type  has  survived  the  test  of  mitosis 
it  is  potentially  as  permanent  as  the  chromosomes  of  the  normal 
complement.  But  it  often  happens  that  in  its  size  it  is  less  well 
adapted  than  these  to  the  conditions  of  mitosis  or  meiosis.     The 
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problem  of  its  adaptation  to  meiosis  will  be  considered  later  (Ch.  V). 
In  some  species  an  enormous  range  of  size  is  found  in  the  chromo- 
somes of  the  normal  complement  (v.  Section  4  (ii)  ),  and  great 
constancy  is  sometimes  also  found  in  the  number  of  fragments  in  an 
old  clone.  Thus  in  a  Tradescantia  plant  with  5  fragments,  4  and  6 
were  found  exceptionally  while  in  a  Fritillaria  imperialis  plant  with 
6  fragments,  12  were  found  in  an  anther,  evidently  owing  to  both 
halves  of  each  of  the  6  going  to  the  same  pole  in  a  mitosis,  but 
otherwise  the  number  was  constant.  In  other  species,  behaviour  is 
much  less  regular.     In  a  group  of  Ranunculus  acris  plants,  probably 


Fig.  18. — Metaphase  of  mitosis  in  root-tip  of  abnormal  plant  of 
Crepis  tectorum,  showing  fifteen  chromosomes  instead  of  the 
normal  eight.  The  four  in  black  are  the  ring  chromosomes, 
whose  abnormal  separation  has  led  to  their  reduplication  ; 
two  are  interlocked.  Cf.  origin  of  polyploidy,  Ch.  Ill  (from 
Navashin,  1930). 

of  one  clone  that  must  originally  have  had  six  fragments,  Langlet 
found  252  divisions  with  the  following  fragment  frequencies  : — 

No.  of  fragments    .345       6       7      89     10 
No.  of  mitoses        .     i     21     40     148    23     14     i     3 

Similarly  in  Nicotiana  the  frequent  loss  of  a  fragment  having  an 
abnonnal  effect  on  flower  colour  gave  patches  of  normal  colour  in 
the  abnormal  (cf.  Blakeslee,  1928,  on  Datura). 

Thus  mitosis  in  some  species  seems  to  be  better  adapted  to  deal 
with  a  wide  range  of  size  of  chromosomes  than  in  others  and  a 
suitable  mitotic  mechanism  is  a  second  condition  of  the  survival  of 
new  types  of  chromosomes. 
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5.  It  has  usually  been  supposed  that  a  simple  linear  arrangement 
is  the  only  kind  that  can  be  produced  by  structural  change,  since 
that  is  the  only  kind  found  in  the  somatic  chromosomes  of  mature 
organisms.  Probably  it  is  in  fact  the  only  one  compatible  with 
stable  reproduction  at  meiosis  and  possibly  also  at  mitosis.  But  in 
the  translocation  of  a  piece  of  one  chromosome  on  to  the  side  of 
another,  lateral  translocation,  giving  a  branched  structure,  has  been 
seen  in  three  plants,  Tradescantia  (D.,  1929  c),  Allium  (Levan,  1932) 
and  Alstrcemeria  (La  Cour,  unpub.).  In  all  these  cases  the  branch 
seems  to  occur  at  the  centromere.  Lateral  trabants  have  also  been 
produced  by  X-raying  (Mather  and  Stone,  1933).  In  Drosophila 
the  same  structure  has  been  inferred  at  some  distance  from  the 
centromere  (Bridges,  1923  ;  Hamlett,  1926  ;  Sturtevant,  cf. 
Dobzhansky,  1931  a),  but  Bridges  (1935)  and  Muller  (1935)  have 
been  able  to  dismiss  the  possibility  in  particular  cases. 

On  the  other  hand  ring  chromosomes  are  now  known  in  five 
genera  :  Crepis  (Navashin,  1930),  Drosophila  (L.  V.  Morgan,  1933), 
Zea  (McClintock,  1932)  and  Tulipa  and  Tradescantia  (Upcott, 
unpub.).  Such  rings  may  arise  directly  by  interchange  within  a 
chromosome  with  loss  of  the  small  end  segments  which  will  have  no 
centromere.  Or  they  may  arise  by  crossing-over  between  inverted 
segments  in  a  way  that  will  be  considered  later. 

The  behaviour  of  the  ring  chromosome  is  instructive  in  three 
respects  :  (i)  In  Crepis  it  varies  in  degree  of  linear  contraction, 
sometimes  appearing  as  a  disc  instead  of  a  ring.  Its  structure 
therefore  interferes  with  spiralisation,  perhaps  through  interfering 
with  the  coiling  of  the  chromatids  which  is  characteristic  of  prophase 
chromosomes,  but  which  is  necessarily  absent  in  these  ring  chromo- 
somes (D.,  1935  h).  (ii)  In  Zea  a  segment  of  the  ring  chromosome 
is  presumably  lost  during  mitotic  divisions,  its  broken  ends  joining 
up  again  since  it  is  replaced  by  a  smaller  ring.  Sometimes  also 
the  ring  increases  in  size.  These  aberrations  are  perhaps  due  to 
the  third  peculiarity  of  the  ring,  (iii)  Two  ring  chromosomes  are 
sometimes  found  interlocked  at  metaphase  in  Crepis  (Fig.  18)  and 
the  same  thing  no  doubt  occurs  in  Zea.  This  is  presumably  respon- 
sible for  the  irregular  numbers  in  different  cells  both  of  these  and 
of  the  normal  chromosomes,  for  such  interlocking  interferes  with 
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the  general  course  of  anaphase  separation  as  we  shall  see  in  dealing 
with  meiosis.  The  fact  that  the  interlocking  is  exceptional  means 
that  when  the  chromosome  divides  it  does  so  along  a  cleavage 
surface  which  is  helical  in  relation  to  the  chromosome  thread  and, 
as  a  rule,  exactly  compensates  for  the  relic  spiral  in  which  this 
thread  is  lying.  The  two  halves  will  then  separate  freely  at 
anaphase.  Such  a  constancy  of  cleavage  direction  implies  a 
constancy  in  the  orientation  of  the  particles  making  up  the  thread 
and  a  specificity  in  the  direction  of  cleavage,  or  perhaps  more  pro- 
perly the  direction  in  which  the  new  particles  are  laid  down  which 
go  to  make  the  sister  chromatids  (Ch.  XII). 


5.    THE  COMPARATIVE  MORPHOLOGY  OF  THE  CHROMOSOME 

COMPLEMENT 

(i)  Specific.  In  the  previous  sections  comparison  has  been  made 
of  sister-cells,  sister-individuals  and  sister-races.  It  may  now  be 
extended  to  related  species  and  genera.  The  more  distant  the 
relatives  compared,  the  less  certain  are  the  grounds  of  inference, 
but  it  will  be  seen  that  the  relationships  of  species  and  genera  can 
often  be  expressed  conveniently  in  terms  of  the  changes  inferred 
from  the  study  of  smaller  groups.  It  will  also  be  seen  later  that 
more  detailed  study  at  meiosis  bears  out  these  conjectures  in  many 
instances. 

In  the  first  place  our  knowledge  of  polyploidy  within  the  species 
suggests  that  when  groups  of  species  have  chromosome  numbers  in 
a  series  of  multiples  of  a  common  number  and  the  chromosomes 
are  of  similar  form,  these  species  are  probably  derived  from  forms 
with  this  "  basic  number  "  by  polyploidy  (Winge,  1917).  The 
application  of  this  inference  will  be  considered  later  in  detail 
(Ch.  VI). 

Structural  changes  may  be  inferred  with  some  certainty  from  a 
detailed  comparison  of  chromosome  form  within  genera  and  larger 
groups.  Thus  the  chromosome  complements  within  Fntillaria  and 
the  Acrididae  may  be  represented  diagrammatically  as  follows 
(F,  a  long  chromosome  with  median  centromere  ;  /,  a  short  chromo- 
some with  terminal  or  sub-terminal  centromere). 
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Fritillaria  (Figs.  48,  95,  and)  : 

F.  ruthenica  {n  =  ^)        .         .VVVVVI 

F.  imperialis  (n  =  12)  ) 

F.  Meleagris  (n  =  12)  >■  .     V    V    II   II   II   I 

and  six  other  species  ) 

F.pudica[n  =  iz)  .  .     V    II    II    II    II    I 

Acrididse  (females)  : 

Stenohothrus  ) 

Chorthippiis  I  (n  =  9)      .  .     V    V    V     I     I    I 

Chloealtis      j  (Figs.  25-28)  f^ 

Other  genera  (;j  =  12)  .  .      II    II   II     I     I    I 


Fig.  19. — Mitotic  chromosomes  from  root-tips  of  Crocus  species.  A. 
C.  Aucheri,  2n  =  6.  B,  the  same  in  side  view  of  early  anaphase, 
C,  C.  graveolens,  2n  =  6.  D,  C.  hyemalis,  2n  =  6  +  ^ff.  E,  C.  aureus, 
2n  =  8.  F,  C.  zonatus,  2n  =  8.  G,  C,  stellaris,  2n  =  10.  H,  C. 
Hueffelianus,  2n  =  14.  J,  C.  hadriaticus,  2n  =  16.  K,  C.  kardu- 
chorum,  2n  ==  20.  L,  C.  corsicus,  2n  =  22.  M,  C.  Imperati,  2n  =  26. 
X  3,700  (Mather,  1932). 

Note. — C  is  early  metaphase  with  the  limbs  of  the  chromosomes 
separate  ;  D  is  full  metaphase  with  the  limbs  joined  throughout  their 
length.  In  B,  arrows  indicate  the  position  of  the  centromere  at 
which  the  daughter-chromosomes  begin  to  separate. 


The  direction  of  the  changes  suggested  by  this  comparison 
necessarily  cannot  be  settled  by  direct  evidence.  But  the  fact 
that  the  number  12  is  constant  in  both  the  groups  concerned,  apart 
from  the  types  given  here  with  other  numbers,  suggests  that  these 
are  derived  from  original  forms  with  12  chromosomes.  Thus 
F.  ruthenica  and  Stenohothrus  are  derived  from  ancestral  forms  by 
"  fusion,"  F.  pudica  by  "  fragmentation." 

A  comparison  of  Circotettix  with  other  Tettigidae  (Carothers,  1917, 
1921 ;  Helwig,  1929),  of  Nicotiana  alata  and  N.  Langsdorffii  [n  =  9, 
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Kostoff,  1929)  with  other  species  («  =  12),  of  Cardamine  pratensis 
with  other  species  (Lawrence,  1931  d),  of  Orgyia  thyellina  with  0. 
antiqua  (Cretschmar,  1928),  and  of  various  species  of  Gryllus 
(Ohmachi,  1929),  indicates  similar  processes  in  the  ancestry  of  these 
forms. 

Within  species  "  fusion  "  may  be  inferred  in  races  of  various 
species  of  Hesperotettix,  Mermiria  and  Jamaicana  (McClung,  1914, 
1917,  Woolsey,  1915)  and  Crepis  tectorum.  "  Fragmentation  " 
may  be  inferred  in  Vicia  Cracca  (Sweshnikova,  1928,  and  Fig.  14), 
Phragmatohia  fuliginosa  (Seiler  and  Haniel,  1921),  Gryllotalpa 
gryllotalpa  (de  Winiwarter,  1927,  Barrigozzi,  1933)  and  Felis 
domesticus  (de  Winiwarter,  1934). 

More  complex  changes,  such  as  inversion  and  interchange, 
necessarily  cannot  be  inferred  from  a  comparison  of  mitosis  in 
different  species.  They  will  be  considered  in  relation  to  meiosis 
and  crossing  over. 

When  larger  groups  are  considered  a  more  generalised  effect  is 
seen.  Thus  in  the  ninety-four  species  of  the  Lepidoptera  examined 
the  greatest  number  of  species  is  found  with  thirty-one  chromosomes, 
and  the  frequency  with  other  numbers  diminishes  regularly  with 
increasing  remoteness  from  thirty-one.  This  indicates,  as  Beliajeff 
(1930)  points  out,  that  the  group  has  arisen  from  ancestral  forms 
with  this  number.  The  variation  in  number  has  arisen  by  random 
fragmentation  and  fusion.  The  fragmentation  and  fusion  account 
for  certain  differences  in  size  of  the  chromosomes  also,  but  not  for 
more  than  a  small  part. 

Thus  Dasychira  pudihiinda  {n  —  87),  may  be  supposed  to  be 
derived  by  fragmentation  from  a  Lymantria-like  type  with  thirty-one 
chromosomes,  for  while  most  of  the  chromosomes  are  reduced  in 
size,  three  pairs  remain  thirty  or  forty  times  the  bulk  of  the  rest. 

On  the  other  hand,  where  two  species  in  the  same  family  like 
Spilosoma  luhricipeda  and  Miltochrista  miniata  have  the  same 
chromosome  number  and  the  chromosomes  correspond  in  size- 
variation  in  each,  but  are  throughout  forty  times  larger  in  one 
species  than  in  the  other,  probably  genotypic  control  of  chromosome 
size  is  responsible  for  the  difference  (c/.  Beliajeff,  1930  ;  D.,  1932  a). 
A  fortiori  when  between  two  species  in  the  same  family  of  plants 


PLATE  III 
Polar  Views   of  Metaphase   of  IVIitosis  in  Animals  and  Plants 

(except    fig.    I    WHICH    IS    LATE    PROPHASE) 

Figs,  i  and  2. — Chorthippus  parallelus  (Orthoptera)  ^,  2w  =  16  +  •^• 
Smear  of  spermatogonia.  C/.  Text-Fig.  11 .  (La  Cour  and  Osterstock. 
Smears,  2B.D.  —  gentian -violet.) 

Fig.  3. — Lociista  migratoria  (Orthoptera)  o,  2^  =  22  -f  x.  All 
except  the  five  smallest  chromosomes  lie  on  the  edge  of  the  plate.  All 
have  subterminal  centric  constrictions.     (Koller,  unpublished.) 

Fig.  4. — Eremurus  spectabilis,  root-tip,  271  —  14.  IMedium  Flemming 
—  gentian -violet,  x  2000.     (Upcott,  1936.) 

f 

Fig.  5. — Tradescantia  hracteata,  pollen-grain,  n  —  6.  Fig.  6. — 
Brodiea  unijfora,  pollen-grain, '^?  =  6.    (La  Cour  :  2 B.E.  — gentian-violet.) 

Fig.  7. — Puschkinia  lihanotica,  root-tip  (Text-Fig.  ^),  2n  =  10  -\-  4ff. 
X  1500  (D.,  1936  c.  :  2B.E.  —  gentian-violet.) 

Fig.  8. — Tricyrtis  hista,  root-tip,  2^  =  26.  (La  Cour  :  2B.E.— gentian- 
violet.) 
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(Droseraceae) ,  there  is  difference  of  size  in  the  proportion  of  a 
thousand  to  one,  genotypic  control  of  the  difference  is  to  be  inferred 
(Table  lo). 

Structural  changes  in  themselves  have  no  necessary  genetic  effect, 
but  they  may  condition  genetic  isolation  of  stocks,  and  hence  a 
later  genetic  differentiation  between  species.  But  this  differentia- 
tion need  not  follow.  We  therefore  find  every  relationship  between 
structural  and  numerical  and  genotypic  differences  in  the  chromo- 
somes on  the  one  hand  and  systematic  differences  on  the  other,  as 
follows  : — 

(i)  The  absence  of  readily  detectable  differences  within  large 
groups  such  as  the  gymnosperms — all  of  which,  with  a  few  excep- 
tions, have  twelve  haploid  chromosomes  (cf.  Sax,  1933) — and  the 
Acrididae  (except  three  genera)  ;  or  the  absence  of  all  differences 
except  polyploidy  (e.g.,  the  Pomoideae). 

(ii)  The  occurrence  of  differences  between  genera  of  an  order 
while  the  genera  are  themselves  fairly  uniform,  e.g.,  Antirrhinum, 
Orchis  [cf.  Tischler,  1928  h),  Ribes  (Meurman,  1929),  Prunus  (apart 
from  polyploidy,  D.,  1930  a). 

(iii)  The  occurrence  of  differences  between  sections  of  a  large 
genus,  e.g.,  Primula  (Bruun,  1930). 

(iv)  The  occurrence  of  differences  between  all  the  species  of  a 
genus,  e.g.,  Drosophila  (Metz,  1916),  Fritillaria,  Tiilipa,  Crepis, 
Tradescantia,  Muscari,  Vicia  (and  polyploidy  in  nearly  all  large 
angiosperm  genera  except  Antirrhinum,  Ribes  and  Orchis). 

(v)  The  occurrence  of  differences  between  geographical  races  or 
sub-species  (Nothoscord on  species,  Matsuura  and  Suto,  1935;  Riimex 
acetosa,  Yamamoto,  1933  ;  Ono,  1935  ;  Drosophila  pseudo-obscura, 
Dobzhansky,  1934  (v.  Tables  8  and  37). 

(vi)  The  occurrence  of  differences  between  forms  not  recognisably 
distinct  (v.  Table  37,  structural  differences  in  some  Orthoptera  and 
polyploidy  in  Silene,  Blackburn,  1928  ;  and  numerical  variation  in 
Viola  canina,  Clausen,  1931). 

A  comparison  of  the  mitotic  chromosomes  of  different  forms  is 
therefore  of  little  value  in  placing  them  systematically  unless  we 
know  the  type  of  variation  that  prevails  in  the  groups  in  question. 
If  the  forms  have  different  chromosome  numbers  they  are  probably 
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intersterile  or  yield  sterile  hybrids,  a  fact  which  the  systematist  may 
or  may  not  take  into  consideration. 

(ii)  General.     We  now  see  the  whole  capacity  for  variation  in  the 
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Fig.  20. — Variation  found  in  the  chromosome  complement  in  species 
of  a  natural  group,  the  Tradescantieae.  A.  Rhceo  discolor, 
2M  =  12.  B.  Cyanotis  zenonii,  2n  =  i6  (by  fragmentation). 
C.  Spironema  fragrans,  2n  =12  (by  loss  of  parts).  D.  Zehrina 
pendula,  2n  =  24  (by  polyploidy).  E.  Coleotrype  natalensis, 
2n  =  36.  F.  Commelina  ccelestis,  2n  =  90  (by  polyploidy  and 
fragmentation).  G.  Cyanotis  somaliensis,  2n  =  28  (by 
fragmentation).  F  and  G  show  reduced  chromosome  width. 
G  shows  reduced  bulk,  x  1,800  (from  D.,1929  c,  and  unpublished  ; 
cf.  Matsuura  and  Suto,  I935)- 

chromosome  complement  as  it  is  shown  to  us  at  mitosis.  The 
chromosomes  are  subject  to  two  kinds  of  change  :  change  governed 
directly  by  the  activities  of  the  part  affected,  and  change  governed 
by  the  reaction  of  the  genotype  as  a  whole,  which  usually  has  a 
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uniform  effect  on  the  whole  chromosome  complement,  although  it 
is  probably  determined  by  a  gene  mutation  which  is  itself  invisible 
and  strictly  local  in  origin.  The  first  is  described  as  structural  or 
numerical  change  according  as  it  affects  the  internal  arrangement, 
the  structure,  of  a  chromosome  or  the  number  of  different 
chromosomes  present.  The  second  is  described  as  genotypic 
change.  When  the  chromosome  complements  of  living  organisms 
as  a  whole  are  compared,  their  variation  is  found  to  be  such  as  can 
be  described  in  terms  of  these  two  kinds  of  change. 

The  time  has  not  yet  come  when  their  relative  importance  can  be 
accurately  assessed  except  in  considering  small  groups  of  species. 
An  internal  and  external  comparison  of  the  chromosome 
complements,  however,  indicates  the  part  played  by  the  two 
kinds  of  change.  Differences  within  a  chromosome  complement 
indicate  solely  the  range  of  structural  change.  Differences  in  the 
diameter  of  the  chromosomes  in  different  species  indicate  solely  the 
range  of  genotypic  change. 

Most  complements  are  uniform  in  the  size  of  their  members, 
which  do  not  vary  over  a  range  of  more  than  two  to  one. 
Exceptionally  a  much  higher  range  of  variation  is  found,  reaching 
a  maximum  of  500  :  i  in  the  domestic  turkey,  Meleagris  (Werner, 
1931). 

Table  9 

Organisms  with  an  Extreme  Range  of  Size  in  the  Chromosomes 

[cf.  Chiasma  Frequencies,  Ch.  VII) 


Plants  (Monocotyledons) 


Eucomis  hicolor     . 
Yucca  filamenlosa 


Morinaga 


Y.flaccida  . 
Agave  sisalana 
Muscari  latifolmm 
Uvularia  grandiflora 
Fourcroya  altissima  et  al. 
Ornithogalum  pyramidale  et  al 


Miiller,  191 2. 
Taylor,    1925    c 

et  al.,  1929. 
O'Mara,  1931. 

Suto,  1935  ;  Doughty,  unpub. 
Delaunay,  1926. 
Belling,  1926. 
Heitz,  1926. 
Heitz,    1926 ;    Matsuura   and 

Suto,  1935. 
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Animals 

Aggregata  eberthi  (Sporozoa) 
Drosophila  melanogaster  (Diptera) 


Dobell,  1925  ;   Belar,  1926. 
Bridges,  1927  ;    Morgan  et 
al.,  1925.    (See  Fig.  121.) 
de  Winiwarter,  1931. 
Beliajeff,  1930. 


Saez,  1930  ;  cf.  White,  1933. 
Matthey,  1929,  1931,  1933. 
Nakamura,  1931. 
Cf.  Werner,  1931  ;  White, 
1932  ;   Roller,  unpub. 


Tettigonia  alhifrons  (Locustidae) 
Dasychira  pudihunda  (Lepidoptera) 
Schistocerca    paranensis    (and    other 

South  American  Acrididae) 
Vipera  aspis  (Reptilia) 
Eumeces  latiscutatus  (Reptilia)  . 
Meleagris     gallopavo      (and      other 

Galliformes  and  Anseriformes). 

In  some  of  these  species  the  small  chromosomes  in  the  comple- 
ments are  variable  in  number.  They  are  perhaps  unessential  to 
the  species,  like  the  results  of  recent  fragmentation  already  described. 

To  turn  to  the  comparison  of  different  species,  the  lowest 
chromosome  numbers  are  found  in  the  nematode  Ascaris 
megalocephala,  which  has  two  races,  one  with  one  haploid 
chromosome,  the  other  with  two ;  and  in  the  Agaricaceae 
(Wakayama,  1930),  where  species  with  two  as  their  haploid  number 
occur.  In  the  flowering  plants,  nine  species  are  known  which  have 
three  as  their  haploid  number,  viz.,  Crepis  capillaris  (cf.  Babcock 
and  Navashin,  1930),  Callitriche  autumnalis  (j0rgensen,  1923), 
Zacintha  verrucosa  (Navashin,  1930),  and  six  Crocus  species  (Mather, 
1932,  and  Fig.  16).  The  Table  (10)  shows  the  range  in  size  and 
numbers  found  in  living  organisms.  It  will  be  seen  that  the 
approximate  ranges  found  in  the  various  constants,  represented  as 
proportions,  are  as  follows  : — 


Breadth,  i  :  10 ^"^ 


Length,  i  :  10^'' 

Bulk: 

Chromosome,  i 
Complement,  i 

Number,  i  :  lo^ 


10-= 

10 


4  1 


(SphcBromyxa  :  Camhanis) 
(Saprolegnia  :  Hyacinthus) 

(Drosera  :  Drosophyllum) 
(Saprolegnia  :  Aulacantha) 
(Ascaris  :  Aulacantha) 


It  is  clear  that  such  great  differences  in  structure  and  number 
demand  the  assumption  of  both  structural  and  genotypic  change. 
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Through  these  agents  the  size  and  number  of  the  chromosomes 
must  be  adapted  to  the  needs  of  the  organism.     Later  we  shall  see 


Table  10 
Range  in  Size  and  Number  of  Chromosomes  in  Animals  and  Plants  ^ 


OS 

S3 

so 

c 

^^ 

a  « 

J 

Author. 

x'  0 

2 

a 

Qu 

<^ 

< 

I.  Aulacantha       scolymantha 

ca.i6oo 

I'O/i 

ca.20/i 

Cf.  Belar,  1926. 

(Radiolaria). 

2,  Ascaris             megalocephala 

univalens  (Nematoda)  : 

(i.)  Germinal 

2 

07/X 

20/X 

Boveri,  1909. 

(ii.)  Somatic 

ca.50 

0-5M 

o-5/^ 

3 .  Cambarus  virilis  (Crustacea) 

200 

3/^ 

3^ 

Fasten,  1914. 

4.  Drosophila      melanogaster 

8 

o-3^ 

2-5/^ 

Bridges,  1927. 

(Diptera). 

5.   Stenobothrus    parallelus  d 

17 

0-6/A 

13^ 

D.  and  Dark, 

(Orthoptera) . 

1932. 

6.  Homo  sapiens  (Mammalia) 

48 

o-6/i 

5-4^^ 
4-iM? 

Evans  &  Swezy 
1928,  1929. 

7.  Sphcsromyxa      sahrazesi 

6 

O-2/i 

2/x 

Belar,  1926  b. 

(Myxosporidia) . 

8.  Saprolegnia  mixta 

22 

o-4^ 

0-4/1 

Mackel,  1928. 

(Phyccmycetes). 

9.  Humaria  rutilans 

16 

o-SH- 

5M 

Fraser,  1908. 

( Ascomycetes) . 

10.  Hyacinthus       orientalis 

16 

211 

2I/i 

D.,  1926, 

(Monocotyledones) . 

Fig.  41. 

II.  Prunus  laurocerasus 

176 

o-SH- 

2-5^ 

Meurman, 

(Dicotyledones-Rosaceae) . 

1929. 

12.  CEnothera    biennis 

14 

o-3^ 

2-5/* 

D.,  1931  d, 

(Dicotyledones-Onagraceae) 

Plate  IV. 

13.   Crepis  capillaris 

6 

0-9M 

6/i. 

Navashin,i926, 

(Dicotyledones-Compositae) 

Fig.  9. 

1 4 A.  Drosera  capensis 

40 

0-3H- 

I-O/i 

Behre,  1929. 

(Dicotyledones- 

Droseraceae). 

14B.  Drosophyllum    lusitanicum 

12 

2fx 

25^ 

Ibid. 

(Dicotyledones- 

Droseraceae) . 

^  Illustrations    showing    the    general    variation    of   chromosome    form    in 
flowering  plants  are  found  in  Lewitsky  (1931)  and  Matsuura  and  Suto  (i935)- 
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in  relation  to  meiosis  and  polyploidy  what  certain  of  these  needs 
are.  The  most  obvious,  however,  may  be  mentioned  here.  The 
minimum  size  of  the  cell  in  the  life  history  clearly  limits  the  size 
of  the  chromosomes,  on  the  principle  that  you  cannot  put  a  quart 
into  a  pint  pot.  The  effect  of  this  is  seen  in  various  ways.  In 
polyploids  the  area  of  the  metaphase  plate  does  not  increase  in 
proportion  to  the  cell  volume  even  where  this  increases  in  proportion 
to  the  chromosome  number.  Tetraploids  do  not  occur  in  some 
genera  with  the  largest  chromosomes,  such  as  Lilium  and  Fritillaria. 
In  Tulipa  a  pentaploid  is  found  in  one  species  only,  that  with  the 
smallest  chromosomes  {T.  Clusiana)  and  tetraploids  are  not  found 
in  those  with  the  largest  chromosomes,  the  garden  tulips.  Poly- 
ploidy is  commonest  in  the  Dicotyledons  where  the  chromosomes 
are  smallest.  In  Dianthus  the  difficulty  seems  to  have  been  over- 
come by  the  polyploid  species  having  smaller  chromosomes  than 
their  diploid  relatives.  They  are  genetically  adapted.  In  con- 
sidering limitation  of  cell-size  we  have  to  remember  the  whole  life- 
history  of  the  organism.  In  plants  the  most  serious  restriction 
occurs  in  the  narrow  cambium  cells  which  produce  secondary 
growth.  It  is  therefore  not  without  significance  that  secondary 
growth  is  not  found  in  organisms  with  the  largest  chromosomes,  the 
Gymnosperms  being  at  the  upper  limit  in  this  respect.  Apart 
from  sections  of  the  Ranunculaceae,  Berberidaceae  and  Droseraceae, 
the  Dicotyledons  have  small  or  medium-sized  chromosomes.  Those 
Monocotyledons  with  secondary  growth  have  small  chromosomes  or 
very  few  large  ones.  Three  evolutionary  relationships  seem  to 
be  explained  by  these  considerations  :  First,  the  size  of  the  cells 
conditions  the  size  of  the  chromosomes.  Secondly,  the  size  of  the 
chromosomes  conditions  the  changes  of  shape  of  the  cells  at 
particular  phases  of  growth,  and  so  limits  the  internal  habit  of 
growth.  Thirdly,  the  multiplication  of  the  chromosomes  by 
polyploidy  is  conditioned  by  the  existence  of  a  margin  of  space  in 
the  cell  permitting  an  increase  in  the  bulk  of  the  chromosomes. 


CHAPTER  IV 

MEIOSIS  IN  DIPLOIDS  AND  POLYPLOIDS 

Introduction — Outline  of  Meiosis — Meiosis  in  Diploids — Meiosis  in  Poly- 
ploids— Forms  of  Bivalents  and  Multivalents  at  Metaphase — Separation  at 
Anaphase — Conclusion — The  Conditions  of  Chromosome  Pairing. 

I.  INTRODUCTION 

There  must  be  a  form  of  nuclear  division  in  which  the  ancestral  germ 
plasms  contained  in  the  nucleus  are  distributed  to  the  daughter-nuclei  in 
such  a  way  that  each  of  them  receives  only  half  the  number  contained  in  the 
original  nucleus. 

Weismann,  1887. 

Studies  of  fertilisation  between  1870  and  1875  showed  that  the 
process  consisted  essentially  in  the  union  of  the  nuclei  of  the  fusing 
germ  cells  (O.  Hertwig).  Studies  of  mitosis  during  the  succeeding 
years  showed  that  at  every  observed  division  of  the  nucleus  or 
mitosis  there  was  a  division  of  its  constituent  elements,  the 
chromosomes,  into  equal  halves.  These  elements  were  constant 
in  appearance,  and  therefore  they  were,  as  later  work  has  abundantly 
shown,  "  permanent  "  structures. 

It  follows  that,  in  the  history  of  the  nucleus  from  one  generation 
to  the  next,  wherever  fertilisation  occurs,  there  must  also  be  some 
compensating  process.  Addition  must  be  set  off  by  reduction. 
This  conclusion  was  arrived  at  by  Weismann  in  1887,  although  at 
that  time  the  nature  of  the  reduction  was  only  slightly  indicated  by 
observations  of  germ-cell  formation  on  the  female  side.  Weismann 
noted  that  in  certain  parthenogenetic  organisms  only  one  polar 
body  was  extruded  instead  of  two  as  in  sexual  eggs.  He  thought, 
therefore,  that  the  division  which  yielded  the  second  polar  body 
was  a  "  reducing  division  " — a  conclusion  that  was  sound  in  a 
certain  sense.  He  further  concluded  that  a  similar  reduction  would 
be  found  in  male  germ-cell  formation. 

Weismann's  induction  has  been  verified  universally  :    wherever 
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there  is  fertilisation  there  is  also  reduction,  or,  as  we  shall  call  it, 
meiosis.  The  course  of  this  verification  has  been  beset  with  many 
difficulties,  which  will  later  be  considered  in  detail.  They  have 
been  discussed  at  length  by  several  authors  (Wilson,  1925  ;  Belar, 
1928  ;   Renter,  1930  ;   D.,  1931  ;   v.  Appendix  I). 

We  may  now  define  meiosis  by  its  superficial  phenomena  as  the 
occurrence  of  two  divisions  of  a  nucleus  accompanied  by  one  division 
of  its  chromosomes.  It  results  in  the  production  of  four  nuclei,  each 
of  which  has  half  the  number  of  chromosomes  of  the  mother-nucleus, 
provided  that  their  distribution  has  been  regular. 

The  two  divisions  of  the  nucleus  are  accompanied  by  the  usual 
mitotic  mechanism  of  spindle-formation.  The  single  division  of  the 
chromosomes  consists  in  the  usual  mitotic  longitudinal  reproduction 
by  which  each  chromosome  produces  two  chromatids.  At  once 
we  see  therefore  that  the  difference  between  meiosis  and  mitosis 
consists  in  the  external  mechanism,  which  acts  twice,  getting  out  of 
step  with  the  internal  mechanism,  which  acts  once.  Precisely  how 
the  two  systems  get  out  of  step  we  shall  see  from  a  detailed  study. 

From  the  principles  set  out  in  the  first  chapter,  it  will  be  clear 
that  the  occurrence  of  one  form  of  nuclear  division  instead  of 
another  at  a  particular  point  in  the  development  of  the  organism 
is  an  example  of  differentiation — in  time,  in  the  Protista,  and  in 
time  and  place,  in  the  higher  organisms.  This  differentiation  being 
a  racial  characteristic  must  be  genetically  determined,  although  its 
origin  is  too  remote  for  its  exact  conditions  to  be  reconstructed. 
Organisms  do  occur,  however,  in  which  the  reverse  change  has  taken 
place,  and  meiosis  has  been  more  or  less  completely  replaced  by  one 
or  two  mitoses.  These  cases  show  that  the  two  forms  of  division 
are  distinguished  by  a  simple  physiological  difference  which  is 
controlled  by  the  genetic  properties  of  the  organism.  The  nature 
of  this  difference  and  of  this  control  will  be  considered  later  in 
relation  to  the  theory  of  meiosis,  of  apomixis,  and  of  cell-mechanics. 


2.    OUTLINE  OF  MEIOSIS 

The  following  sketch  shows  the  succession  of  events  in  meiosis,  as 
they  occur  in  the  simplest  clear  examples,  e.g.,  pollen  mother-cells 
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of  diploid  species  of  Fritillaria.    Alternative  nomenclature  will  be 
found  in  the  glossary. 

I.  First  Division,  {a)  Leptotene.  The  chromosomes  appear  in 
the  nucleus  in  their  diploid  number.  They  are  single  threads,  not 
double  as  in  mitosis.  Each  has  an  uneven  granular  structure  which 
gives  it  the  appearance  of  a  string  of  unequal  beads,  unequally 
strung  together.  The  beads  are  the  chromomeres.  The  threads  are 
disposed  evenly  in  the  nucleus. 

(b)  Zygotene.  The  chromosomes  come  together  in  pairs,  corre- 
sponding chromomeres  lying  side  by  side.  They  usually  come  into 
contact  first  near  the  centromere  (and  this  body  can  be  picked  out 
by  the  greater  staining  capacity  of  the  chromomeres  on  either  side 
of  it).  But  association  often  begins  at  other  places  independently. 
It  extends  along  the  chromosomes  until  the  whole  complement  are 
present  as  double  or  bivalent  threads  in  the  haploid  number. 

(c)  Pachytene.  The  paired  threads  of  each  bivalent  coil  round 
one  another  and  their  proximal  chromomeres  increase  in  size  still 
further.  The  chromosomes  thus  show  differential  condensation  in 
different  parts. 

{d)  Early  Diplotene.  The  chromosomes  fall  apart  and  at  the 
same  time  each  is  seen  to  be  double,  consisting  of  two  chromatids, 
which  remain  in  close  association  like  that  of  the  chromosomes  at 
pachytene.  The  chromosomes  separate  completely  except  at 
various  pomts  along  their  length,  where  their  chromatids  exchange 
partners.  These  cross-shaped  exchanges  are  called  chiasmata  and 
number  one,  two,  or  more  in  each  bivalent.  They  are  due  to 
crossing-over  between  two  chromatids  of  the  partner  chromosomes, 
i.e.,  the  two  chromatids  have  broken  between  corresponding  pairs 
of  chromomeres  and  rejoined  across  to  give  two  new  combinations. 
The  chromosomes  now  begin  their  spiralisation. 

{e)  Late  Diplotene.  Spiralisation  continues,  the  chromosomes 
straighten  and  successive  loops  between  chiasmata  come  to  lie  at 
right  angles. 

(/)  Diakinesis.  Spiralisation  reaches  a  maximum  and  the 
chromosomes  are  shorter  than  at  a  somatic  mitosis.  They  continue 
to  be  evenly  disposed  throughout  the  nucleus.  The  nucleoli,  which 
have  been  attached  to  their  organisers  on  the  chromosomes,  disappear. 
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(g)  (First)  Metaphase.  The  paired  chromosomes  come  to  he 
with  their  pairs  of  centromeres  evenly  distributed  on  either  side 
of  the  equatorial  plane  of  the  spindle,  members  of  each  pair  of 


Mei  osis 


ydotene 
pa  en  1/ re/7  e 


ase 


a/ia/o/iase 


''"•a^"th7''fi'rTXLtr"of  tioJrTh'  *T  P^'""«  Chromosomes 
Shown  at  diplotene.  metaphase.     The  centromere  is  not 
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centromeres  orientated  with  regard  to  one  another  in  the  arc  axes 
of  the  spindle. 

(h)  (First)  Anaphase.  The  centromeres  of  each  pair  pass  to 
opposite  poles,  each  drawing  after  it  the  pair  of  attached  chromatids 
so  that  in  segments  distal  to  a  chiasma  paired  chromatids  are 
separated.  At  the  same  time  the  attractions  between  paired 
chromatids  usually  lapse  even  where  they  are  not  forcibly  drawn 
apart. 

(i)  [First)  Telophase.  The  chromosomes  form  two  daughter- 
nuclei  at  the  poles,  uncoiling  and  passing  into  a  resting  stage,  the 
interphase,  two  separate  cells  being  formed.  The  two  daughter- 
nuclei  each  have  the  haploid  number  of  chromosomes,  but,  since 
these  are  already  divided,  they  have  the  diploid  number  of  chro- 
matids as  in  a  mitotic  telophase. 

11.  Second  Division.  (;)  (Second)  Metaphase.  At  an  early 
stage  the  two  chromatids  are  widely  separated — more  so  than  in 
any  somatic  mitosis.  They  are  then  held  together  only  at  their 
centromeres.  Later  stages  resemble  mitosis,  but  metaphase  is 
rapid  and  the  chords  never  associate  completely. 

(k)  (Second)  Anaphase.  The  chromosomes  are  distributed  as  at 
an  ordinary  mitosis. 

(/)  (Second)  Telophase.  Four  daughter-nuclei  are  formed,  each 
receiving  the  haploid  number  of  chromatids. 

3.    MEIOSIS  IN  DIPLOIDS 

(i1  The  Pairing  of  Chromosomes.  The  prophase  of  meiosis 
begins  after  a  resting  stage  which  may  be  short  or  almost  entirely 
omitted,  so  that  the  chromosomes  which  appear  can  be  traced 
directly  to  telophase  chromosomes  whose  individuality  has  never 
been  even  entirely  lost.  In  the  spermatogenesis  of  certain  Orthop- 
tera  and  Hemiptera,  for  example,  the  nucleus  continues  divided  into 
as  many  compartments  as  there  are  somatic  chromosomes  until  the 
prophase  chromosomes  appear  (Wenrich,  1916,  Phrynotettix  ;  Renter, 
1930,  Alydus  ;  Chickering,  1927,  Belostoma,  etc.  Cf.  Ch.  II).  One 
chromosome  comes  from  each  compartment.  It  consists  of  a  series  of 
darkly  staining  granules,  the  chromomeres,  of  unequal  sizes  lying  at 
unequal  distances  in  a  lightly  staining  thread  (Plates  V,  XV,  Fig.  29), 
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Both  the  granules  and  the  thread  are  single  so  far  as  observation  can 
show.  In  favourable  material  of  some  animals  the  threads  can  be 
counted  from  their  centromeres  and  shown  to  be  present  in  the 
diploid  number,  as  in  somatic  mitoses  (Gelei,  1921  ;  Janssens, 
1924).  This  stage  with  separate  single  undivided  threads  is  called 
the  leptotene  stage. 

The  chromosome  threads  may  remain  freely  distributed  in  the 
cell,  as  in  most  of  the  higher  plants,  or  they  may  gradually  orientate 
themselves  so  that  one  or  both  ends  of  each  thread  lie  towards  one 
side  of  the  nucleus  (near  the  centrosome  where  one  is  present). 
They  are  then  said  to  be  polarised,  and  as  long  as  they  remain  so. 


A  B 

Fig.  21B. — Diagram  to  show  the  difference  between  the  method  of 
pairing  at  zygotene  with  and  without  polarisation.  A,  as  in 
Stenobothrus  ;   B,  as  in  Tulipa. 

that  is,  until  pachytene,  they  present  the  appearance  to  which  the 
name  "  bouquet  "  stage  is  given  (Digby  on  Osmunda,  1919  ;  Gelei 
on  Dendroccelum,  1921  ;  Janssens  on  Mecostethus  and  Stenobothrus, 
1924;  Bela.T  on  Actinophrys ,  ig26  ;  KihsiTa.onRumex,ig2y  a;  Belar 
on  Tradescantia,  1929  h). 

The  single  threads  soon  begin  to  associate  in  pairs  side  by  side. 
If  they  are  freely  distributed  in  the  nucleus,  their  association  some- 
times takes  place  at  random,  i.e.,  in  different  parts  at  the  same  time. 

The  bouquet  stage  has  been  regarded  as  a  possible  characteristic 
of  chromosome  pairing  (Gelei,  1921),  especially  on  account  of  its 
absence  in  certain  hybrids  without  pairing  (e.g.,  Pygcera,  Federley 
1912),  and  in  certain  parthenogenetic  organisms  without  pairing 
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(e.g.,  Aphis,  V.  Baehr,  1912).  Certainly  the  failure  to  observe  it  in 
unfavourable  material,  such  as  many  dicotyledons  and  Diptera,  is 
inconclusive,  but  there  can  be  no  doubt  of  the  absence  of 
polarisation  in  many  Lepidoptera  (Seller,  1914),  and  in  some  Liliaceae 
except  merely  as  a  relic  of  the  orientation  of  the  chromosomes, 
with  their  centromeres  towards  the  pole,  at  the  preceding  telophase 
(Newton,  1927  ;  D.,  1929  h,  1935  a).    Polarisation  may  be  regarded 


Fig.  22. — Complete  early  pachytene  nucleus  in  Cliorthippiis  parallelus. 
Eight  paired  chromosomes  shown  as  single  lines,  three  long 
pairs  broken  or  wavy.  X  chromosome  ovoid.  All  ends 
but  two  polarised.  Small  nucleolus  in  outline.  X  3,000 
(D.,  1936^). 

as  an  adaptation  to  secure  regularity  in  pairing  [cf.  Gelei).  It  is 
bound  to  affect  the  distribution  of  pairing  amongst  the  possible 
partners,  where  there  is  a  choice,  whether  amongst  segments  in 
structural  hybrids  or  whole  chromosomes  in  polyploids. 

With  a  bouquet  arrangement  pairing  begins  at  the  end  or  ends 
lying  towards  the  surface  of  the  nucleus,  whether  the  centromere 
is  situated  there  or  not  (Fig.  22  ;  Wenrich,  1916  ;  Gelei,  1921  ; 
Belar,  1928  b).  In  the  absence  of  a  bouquet  it  is  more  difficult  to 
trace  the  course  of  pairing  except  where  the  chromosomes  are 
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differentially  condensed.  Thus  in  Fritillaria  (Darlington,  1935  a) 
after  pairing  the  chromosomes  are  more  deeply  staining  m  the 
neighbourhood  of  the  centromere  and  pairing  is  variable  in  all 
species  and  incomplete  in  most.     The  defect  of  pairing  is  always 


4  <i  4r  ^ 

Fig.  23. — The  chromosomes  of  Bellevalia  romana.  Top,  at  mitotic 
metaphase,  2m  =  8  ;  four  types.  A,  B,  C,  D.  Middle,  the  four 
pairs  of  chromosomes  at  pachytene,  drawn  separately.  Bottom, 
the  four  pairs  at  metaphase,  each  with  two  chiasmata  except  the 
rightmost,  which  has  three.      X  2,000  (Dark,  1934). 

in  regions  remote  from  the  centromere.  Particularly  frequent  is  a 
failure  of  pairing  close  to  the  nucleolus  in  those  chromosomes  which 
are  attached  to  nucleoli.  It  seems  likely  that  such  chromosomes 
would  be  hampered  and  delayed  in  coming  together  by  having  to  pull 
their  nucleoli  after  them,  when  the  nucleoli  have  not  already  fused. 
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Probably,  therefore,  in  Fritillaria,  and  many  similar  organisms  that 
will  be  described  later,  pairing  begins  near  the  centromere  and 
passes,  sometimes  regularly  and  sometimes  intermittently,  along 
the  chromosomes  until  it  is  complete  or  until  it  is  interrupted. 

The  unstable  stage  of  pairing  is  called  zygotene.  The  stable 
stage  when  pairing  has  ceased  is  pachytene.  Threads  that  are  still 
unpaired  are  then  seen  to  be  double,  although  the  paired  threads 
are  still  single  (D.,  1934  a,  Zea,  and  1935  a,  Fritillaria).  It  is  there- 
fore possible  that  when  delayed  the  chromosomes  divide  before 
they  can  pair,  and  their  division  inhibits  their  pairing. 

At  leptotene  the  chromosomes  are  contorted  in  a  way  that 
probably  corresponds  to  the  relic  spiral  of  the  prophase  of  mitosis. 
The  chromomeres  are  seen  to  be  distributed  at  unequal  distances 
along  the  chromosome  thread,  and  the  chromosomes  as  they  pair 
are  seen  to  correspond  in  regard  to  this  structure.  The  constant 
linear  arrangement  of  the  chromosomes  already  suggested  by  the 
constant  position  of  centromeres  and  nucleolar  organisers  is  now 
established  by  the  characteristic  size  and  position  of  every  chromo- 
mere.  At  pachytene  successive  granules  are  more  closely  crowded 
along  the  thread.  This  may  be  due  to  their  staining  more  deeply, 
since  it  cannot  be  due  to  a  linear  contraction.  Sometimes  the 
threads  are  longer  at  the  end  of  pachytene  than  at  the  beginning 
(Belling,  1931,  on  Lilium ;  Roller,  1936,  on  various  marsupials). 
In  Phrynotettix  magnus  Wenrich  (1916)  was  able  to  represent  each 
of  the  paired  chromosomes  separately,  showing  that  they  were 
present  in  the  haploid  number  and  that  corresponding  types  in 
regard  to  the  granular  structure  appeared  in  different  nuclei.  In 
Phrynotettix  the  chromosomes  were  already  contracted  at  this  stage 
to  not  more  than  three  times  the  length  characteristic  of  the  somatic 
metaphase.  But  in  plants  they  are  still  five  or  six  times  their 
mitotic  metaphase  length  in  the  few  species  in  which  the  contents 
of  the  whole  nucleus  have  been  separately  drawn  (Belling  on  Lilium 
and  Aloe,  1928  d ;  Dark  on  Bellevalia,  1934,  and  Moffett  on 
Anemone,  1932,  Fig.  23,  v.  Table  3). 

During  the  pachytene  stage,  which  may  be  almost  indefinitely 
prolonged  without  perceptible  change,  the  chromosomes  become 
coiled   round   one    another.     This   relational   coiling   is   probably 


94         MEIOSIS  IN  DIPLOIDS  AND  POLYPLOIDS 

universal  and  takes  place  throughout  the  length  where  they  are 
paired  and  in  any  intercalary  unpaired  segments  between  paired 
segments  (D.,  1935  a).  Such  a  coiling  must  be  due  to  a  torsion  in 
the  individual  threads  which,  as  will  be  seen,  is  expressed  in  various 
other  ways. 

Table  ii 


Pristiurus  (Pisces)  $  ... 

Gryllus  (Orthoptera)  $         .  .  . 

Coelenterata,  Annelida,  Amphibia,  etc.,  ? 
Phanams  (Coleoptera) 
Alydus  (Hemiptera)  cj         .  .  . 


Examples  of  a  Diffuse  Stage  at  Diplotene  or  Diakinesis 

Animals 

Riickert,  1892. 

Buchner,  1909. 

Jorgensen,  191 3. 

Hayden,  1925. 

Renter,  1930.     Cf.  Chickering, 
1927  ;    Wilson,  1928  et  al. 
Limnophilus  decipiens  (Trichoptera)  $  and  c?     Klingstedt,  193 1. 
Dasyurus  (Marsupalia)  ^    .  .  .  .      Roller,  1936. 

Plants 

Padina  (Algae,  Dictyotaceae)  sporogenesis  .  Carter,  1927. 

Hyacinthus,  ^  .  .  .  .  .  .  D.,  1929  h. 

Tradescantia,  ^  .  .  .  .  .  D.,  1929  c. 

Mitrastemon,  ^  and  $  .  .  .  .  Matsuura,  1935. 

Development  is  interrupted  in  some  organisms  during  the 
pachytene  stage,  or  (especially  in  the  eggs  of  Trichoptera  and 
Lepidoptera)  later  in  the  prophase,  by  the  nucleus  reverting  partially 
or  entirely  to  a  resting  stage  condition.  This  complication  of 
development,  which  has  naturally  hindered  the  interpretation  of 
successive  stages,  has  been  found  in  spermatogenesis  in  some 
animals  (e.g.,  Hemiptera,  Wilson,  1912  ;  cf.  Chickering,  1927), 
and  in  oogenesis  in  many  more.  In  some  species  this  change  takes 
the  form  of  a  swelling  of  the  chromosomes,  which  continue  the 
normal  course  of  development  in  their  bloated  condition  [Pristiurus, 
Riickert,  1892).  In  other  species  the  chromosomes  disappear  for  a 
while  and  reappear  again  unchanged  {Gryllus,  Alydus,  Mitrastemon). 
In  others  again  {Phanceus)  a  part  of  the  nucleus  containing  the 
chromosomes  condenses  to  one  side  to  form  a  "  karyosphere,"  in 
which  the  condensed  pachytene  chromosomes  can  be  separately  dis- 
tinguished (see  Table  11).  These  changes  are  inessential  to  meiosis  ; 
they  appear  to  be  determined  by  the  special  conditions  of  growth 
of  the  cell  and  the  nucleus  at  this  stage  of  meiosis.     They  are  not 
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due  to  the  enormous  increase  in  size  of  the  egg  cells  in  which  they 
are  most  commonly  found,  for  in  the  pollen  mother-cells  in  which 


Fig.  24. — Above,  separate  drawings  of  late  pachytene  in  Chorthippus. 
Diplotene  separation  has  begun  in  the  precocious  P  chromosome. 
X  shown  in  each  figure.  (R),  (L),  direction  of  relational  coiling. 
L,  N,  M,  P,  S,  chromosome  types. 

Below,  early  diplotene  nucleus  with  three  L  bivalents  drawn 
separately  with  the  numbers  of  total  and  terminal  chiasmata 
under  each  and  the  directions  of  chromatid  coiling  shown  at 
chiasmata,  R""  and  L''.      x  2,000  (D.  1936^). 


they  are  also  found  a  contraction  actually  occurs  at  this  period 
{e.g.,  in  Mitrastemon  and  other  plants). 

(ii)  The  Separation  of  Chromosomes  and  the  Origin  of  Chiasmata. 
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The  first  evidence  of  further  change  is  seen  in  the  separation  of  the 
partner  chromosomes  making  up  the  double  thread.  It  is  then 
found  that  each  of  the  new  threads  is  double.  Each  chromosome 
has  divided  into  two  chromatids.     This  stage  is  diplotene. 

The  evidence  of  the  best  material  (Janssens,  1924  ;  Newton, 
1927  ;  Belar,  1928  b)  is  conclusive  that  the  separating  threads  are 
double.  In  Fritillaria  where  pairing  begins  near  the  centromere, 
separation  begins  in  the  same  region.  In  Stenobothrus  the  splits 
appear  in  the  paired  threads  at  several  points  and  extend  until  they 


Fig.  29. — A.  Pachytene  in  Fritillaria  imperialis  ;  pairing  incomplete 
near  the  attachments  of  two  pairs  of  chromosomes  to  the 
nucleolus  {cj.  Plate  XV).  B.  Beginning  of  diplotene  in  F .  obliqua, 
separation  showing  in  two  pairs  at  the  centromere.  Lg,  relational 
coiling  ;   Rg,  relic  coiling,     x  2000  (D.,  1935  b). 

meet.  It  is  then  found  that  the  splits  separate  different  pairs  of 
chromatids,  for,  at  the  point  of  meeting,  the  pairs  change  partners, 
giving,  from  one  point  of  view,  the  appearance  of  a  cross  ;  hence  the 
name  chiasma  is  applied  to  the  occurrence  of  this  exchange  (Janssens, 
1909,  1924  ;   Belling,  1928  c  ;  D.,  1930  b,  1931  c). 

Chiasmata  are  formed  as  a  rule  in  all  paired  chromosomes  at 
this  stage.  But,  as  we  shall  see  later,  short  chromosomes  which 
have  been  paired  at  pachytene  may  in  some  cases  be  presumed  to 
fall  apart  at  this  stage  without  the  formation  of  chiasmata.  They 
become  "  unpaired  chromosomes." 

Chiasmata  probably  always  arise  in  the  first  instance  interstitially, 
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i.e.,  at  some  point  between  the  ends  of  the  chromosomes,  not  at  the 
ends  (Figs.  25-28).  They  vary  in  number  from  one  to  as  many  as 
thirteen  in  the  pair  of  chromosomes  or  bivalent,  but  their  range  of 
variation  is  characteristic  for  each  bivalent  of  an  individual  under 
constant  conditions. 

This  variation  has  certain  characteristic  properties  in  all 
organisms.  Its  curve  is  unimodal.  In  some  organisms  where  the 
range  of  size  is  small,  the  mean  number  of  chiasmata  per  bivalent  is 
approximately  proportional  to  the  length  of  the  paired  chromosomes. 

But  in  many  species  where  there  is  a  big  discrepancy  between 
the  sizes  of  the  chromosomes,  the  smaller  ones  have  a  higher  pro- 
portional frequency  {e.g.,  Stenobothrus  parallelus,  D.  and  Dark,  1932  ; 
Hyacinthus  amethystinus,  D.,  1932/,  cf.  Sato.  1934,  and  Ch.  VII). 

This  is  not  true  of  organisms  in  which  new  small  chromosomes 
have  suddenly  arisen.  Thus  in  Fritillaria  imperialis  and  in  Trades- 
cantia  new  small  fragments  fail  to  be  paired  at  metaphase  in  a 
proportion  of  cells  owing  to  the  failure  of  chiasmata  to  be  formed. 
It  seems  therefore  that  the  regular  pairing  of  very  small  chromo- 
somes that  are  part  of  the  characteristic  complement  in  Stenobothrus 
and  elsewhere  is  a  derived  property  permitting  pairing  of  short 
chromosomes  without  an  unduly  high  frequency  of  chiasma 
formation  in  the  long  ones. 

(iii)  Localisation  of  Pairing.  In  organisms  with  very  large 
chromosomes,  pairing  at  pachytene  is  sometimes  incomplete,  owing, 
as  we  have  seen,  to  the  time-limit  for  pairing.  In  Fritillaria, 
Mecostethus,  and  elsewhere,  the  pairing  usually  begins  near  the 
centromere,  and  it  is  in  the  distal  parts  that  pairing  fails.  Chiasmata 
are  formed  in  the  paired  parts  and  are  thus  localised  near  the 
centromere  (D.,  1935  b  ;  White,  1936  a).  In  the  extreme  case  one 
chiasma  is  found  in  every  bivalent,  long  or  short.  The  numbers, 
however,  vary  in  different  nuclei  and  a  detailed  study  of  the  dis- 
tribution of  the  chiasmata  shows  us  indirectly  how  pairing  varies  in 
different  chromosomes,  in  different  nuclei  and  in  different  species. 
The  chief  conclusions  to  be  drawn  are  that  shorter  chromosomes 
often  have  an  advantage  over  long  ones  in  the  time  of  pairing  and 
the  ends  of  chromosomes  have  an  advantage  over  the  middles  unless 
the  centromere  is  median.     Thus  chiasmata  are  sometimes  found 
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at  the  distal  ends  and  short  chromosomes  with  subterminal  centro- 
meres have  a  higher  chiasma  frequency  than  longer  ones  with 
median  centromeres.  Both  these  results  agree  with  the  time-limit 
explanation  of  incomplete  pairing,  since  small  chromosomes  and 
ends  must  be  freer  and  quicker  in  movement  than  long  chromosomes 
and  middles. 

In  some  species  the  pairing  is  interrupted  later  than  in  others, 
and  all  degrees  of  localisation  occur  on  this  account  in  Fritillaria 
(D.,  1936  e).    Probably  elsewhere  a  time  limit  determines  incomplete 


Stages  in  pairing 


Zygotene 
in  Fritillaria 

Pachytene 

in 
F.  Meleagris 


F.  Elwesii 


F.  imperialis 


Fig.  30. — Stages  in  zygotene  pairing  in  Fritillaria,  showing  how 
its  interruption  at  various  stages  by  the  time-Hmit  leads  to 
locahsation  in  some  species.      (D.,  1935  b.) 

pairing,  but  owing  to  a  less  regular  beginning  of  pairing  near  the 
centromere  the  localisation  of  pairing  and  of  chiasmata  is  less 
readily  recognised  (e.g.,  Lilium  regale,  Mather,  1935). 

(iv)  Relational  Coiling.  At  pachytene  the  chromosomes  were 
coiled  round  one  another.  Coiling  of  three  kinds  is  found  at  early 
diplotene  (D.,  1935  a,  1936  h)  :  (i)  The  loops  on  either  side  of  a 
chiasma  lie  in  the  same  plane  and  two  chromatids  therefore  cross 
over  one  another  in  either  a  right-  or  left-hand  spiral  direction. 
Later,  successive  loops  come  to  lie  at  right  angles  to  one  another, 
and  thus  abolish  this  coiling,  (ii)  In  so  doing  they  alter  the 
relationships  of  the  chromatids,  which  are  also  coiled  round  one 
another  between  chiasmata,  probably  in  the  opposite  direction  to 
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the  first  coiling,  (iii)  The  chromosomes  are  coiled  round  one 
another  to  a  greater  or  less  extent  between  chiasmata. 

This  last  system  is  evidently  the  direct  successor  of  the  pachytene 
coiling  of  chromosomes,  and  its  variation  is  particularly  instructive. 
Where  the  pairing  at  pachytene  is  intermittent  (as  with  partial 
localisation  in  some  species  of  Fritillaria)  the  chromosomes  are 
relationally  coiled  in  the  unpaired  intercalary  parts.  This  coiling 
must  necessarily  survive  to  diplotene.  But  in  the  paired  proximal 
regions  there  is  little  coiling  ;  the  chromosomes  are  there  asso- 
ciated by  chiasmata.  Now  relational  coiling  of  the  chromosomes  is 
a  property  shown  by  partner  chromosomes  before  they  divide  into 
chromatids  and  whether  they  form  chiasmata  or  not.  Each  pair  of 
chromatids  that  is  coiled  round  another  pair  at  diplotene  must  be 
derived  from  a  parental  chromosome.  And  since  such  coiling  can 
occur  and  does  occur  on  both  sides  of  chiasmata,  chiasmata  must 
represent  and  result  from  breakage  and  crossing-over  between 
chromatids  of  the  partner  chromosomes.  It  seems  probable  that 
this  breakage  and  re-union  of  chromatids  replaces  the  relational 
coiling  by  permitting  the  chromosomes  to  uncoil  after  breaking 
before  they  reunite  (D.,  1935  h). 

Between  diplotene  and  diakinesis  the  chromosomes  gradually 
uncoil  so  far  as  the  chiasmata  allow  them  to.  Thus  since  the 
direction  of  coiling  is  always  consistent  in  particular  arms,  so  far  as 
we  know,  their  uncoiling  is  bound  to  coil  their  chromatids  round 
one  another,  and  this  coiling  cannot  be  undone  in  loops  between 
chiasmata,  although  in  free  ends  it  can. 

(v)  Diakinesis.  After  chiasma-formation  the  chromosomes  con- 
tract still  further  in  length  and  begin  to  assume  a  more  rounded 
outline  until  diakinesis,  the  stage  of  greatest  linear  contraction. 
The  chromosomes  are  then  shorter  and  broader  than  at  metaphase 
of  a  somatic  mitosis,  except  where,  as  in  some  Lepidoptera,  the 
mitotic  contraction  is  already  a  maximum,  and  the  chromosomes 
are  spherical  at  metaphase  even  at  mitosis. 

This  contraction  is  achieved,  at  least  as  far  as  organisms  with  the 
largest  chromosomes  are  concerned,  by  the  assumption  of  a  larger 
spiral  over  and  above  the  small  spiral  developed  at  mitosis.  These 
major  and  minor  spirals  were  first  discovered  by  Fujii  in  Tradescantia 
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and  their  structural  relationship  has  been  proved  by  the  experiments 
of  Kuwada  and  his  collaborators  (i934'  ^935  \  ^/  D.,  1935,  and 
Ch.  XII). 

During    diakinesis    the    nucleoli    become    detached    from    their 


Fig.  31. — The  history  of  relational  coiling  of  the  chromosomes  with 
intermittent  pairing.  The  coiling  of  unpaired  segments 
persists  at  diplotene  since  they  cannot  form  chiasmata.  a, 
centromere  ;  b,  end  of  paired  region  ;  c,  intercalary  unpaired 
region  ;  d,  intermittently  paired  region  ;  e,  f,  distal  unpaired 
regions  {cf.  Fig.  29B)  ;  g  and  h,  chiasmata  ;  k,  chiasma  g,  ter- 
minalised.     (D. ,1935  c.) 

organisers  on  the  chromosomes  and,  as  a  rule,  gradually  disappear. 
In  some  plants,  however,  they  come  to  lie  like  a  cap  on  the  surface 
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of  the  nucleus  and  at  the  end  of  prophase  are  extruded  into  the 
cytoplasm,  where  they  degenerate  (Frankel,  1936,  on  FritiUaria  ; 
cf.  Catcheside,  1934,  on  Brassica,  and  1933,  on  CEnothera). 

Where,  as  in  Pristiurus  (Riickert,  1892)  and  Scolopendra  (Bouin, 
1925),  considerable  size  variations  occur  in  the  nucleus  during 
prophase,  the  chromosomes  vary  in  size  proportionately,  probably 
through  their  retaining  the  same  water-content  relative  to  the 
nuclear  sap.  They  occupy,  whether  in  an  organism  with  large  or 
small  chromosomes,  less  than  one-hundredth  of  the  space  of  the 
nucleus. 

The  relationship  between  the  volume  of  the  nucleus  and  of  the 
chromosomes  in  different  organisms  is  perhaps  not  so  variable  as 
would  appear  from  a  comparison  of  illustrations  of  this  stage  in 
organisms  with  chromosomes  of  different  sizes. 

But  while  this  is  true  of  sperm  and  pollen,  and  even  of  embryo- 
sac  mother-cells,  it  is  not  true  of  the  very  large  egg-cells  of  animals. 
In  these  the  nuclei  are  ten  or  a  hundred  times  as  large  as  in  the 
sperm  mother-cells.  W^e  then  find  a  very  instructive  difference  in 
distribution.  In  the  small  nuclei  the  separate  bivalents  are  evenly 
distributed  in  the  diakinesis  nucleus.  Where  they  are  few  in  number 
and  much  condensed  this  means  that  they  lie  chiefly  on  the  peri- 
phery. 

In  the  large  nuclei,  on  the  other  hand,  they  are  not  evenly  spaced. 
They  lie  in  a  haphazard  group.  The  repulsions  between  them  which 
are  effective  in  giving  an  even  distribution  at  short  distances  are 
ineffective  at  longer  distances. 

In  some  organisms  the  bivalents  themselves  continue  to  show  no 
special  internal  changes.  Successive  loops  between  chiasmata  lie 
at  right  angles  to  one  another,  but  no  general  distinction  can  be 
made  between  them  in  regard  to  size  {e.g.,  Vicia  Faba,  FritiUaria 
imperialis).  In  others  one  loop  is  distinguished  from  the  others 
by  the  sharp  repulsion  between  its  arms — so  sharp  that  they  are 
drawn  out  into  fine  threads  as  they  are  afterwards  at  late  metaphase 
(Fig.  34).  In  these  it  is  often  found  that  the  chiasmata  are  now 
no  longer  interstitial — they  have  been  gradually  pushed  along  to 
the  ends  of  the  chromosomes.  All  connection  between  the 
chromosomes  may  then  seem  to  be  broken  by  the  strong  repulsion. 
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especially  where  the  chromosomes  are  small,  and  this  interpretation 
has  often  been  put  upon  such  configurations.     Comparative  study 
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Fig.  32. — The  eight  paired  chromosomes  of  Campanula  persicifolia 
drawn  separately,  at  successive  stages  between  diplotene  and 
metaphase  to  show  the  changes  undergone  with  complete 
terminalisation.  The  numbers  of  chiasmata,  total  and  terminal, 
in  each  nucleus  are  given  at  the  side.  D.  is  the  same  stage  as 
C.  The  nucleolus  is  shown  in  outline.  X  3000  (from  Gairdner 
and  D.,  1931.) 

shows  that  a  different  interpretation  is  possible.     This  will  now  be 
considered. 

(vi)  The  Movement   of   Chiasmata.      In   Fritillaria   the   change 
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from  diplotene  to  diakinesis  is  unaccompanied  by  any  marked 
change  in  the  structure  of  the  paired  chromosomes.  The  chiasmata 
are  ahnost  stationary  and  are  therefore  to  be  found  distributed  at 
diakinesis  as  they  arose — either  locaUsed  or  at  random. 

In  most  other  organisms  a  change  takes  place.  This  is  seen  in  its 
extreme  form  in  Primula  (D.,  1931  a)  and  Campanula  {Gairdner 
and  D.,  1931)-     It  has  three  obvious  characteristics  : — 

(i)  The  total  number  of  chiasmata  is  reduced  in  each  bivalent. 

(ii)  The  chiasmata  come  to  be  concentrated  nearer  the  ends. 

(iii)  These  changes  taking  place  pari  passu  eventually  leave  all 
the  bivalents  associated  terminally  and  the  number  of  chiasmata 
reduced  to  the  number  of  ends  associated.  It  still  remains  true 
that  the  connection  is  not  between  two  whole  chromosomes,  but 
between  their  component  chromatids.  Each  chromatid,  which  has 
been  connected  side-by-side  with  one  partner,  is  connected 
end-to-end  with  another,  and  hence  the  terminal  association  means 
a  change  of  partner  after  the  lateral  association.  It  therefore  has 
the  essential  mechanical  properties  of  a  chiasma  (Ch.  XII). 

A  true  terminal  chiasma  can  be  readily  distinguished  from  a 
sub-terminal  one  both  at  diakinesis  and  at  metaphase,  when  the 
limbs  of  each  of  the  chromosomes  connected  by  it  are  repelling  one 
another  ;  this  happens  when  they  include  the  centromere.  The 
connections  between  the  chromatids  are  then  reduced  to  the 
minimum  and  are  drawn  into  fine  threads  by  the  tension  they 
undergo.  In  the  absence  of  this  tension  there  is  no  sharp  demarca- 
tion between  the  terminal  chiasma  and  the  interstitial  chiasma  that 
is  nearly  terminal. 

There  can  be  no  doubt  that  this  change  of  arrangement  in  the 
chromatids  is  essentially  the  same  as  that  described  in  certain 
bivalents  of  Phrynotettix  by  Wenrich  (1916).  It  was  then  said  that 
the  chiasma  arose  from  the  meeting  of  splits  separating  the  four 
chromatids  along  two  planes  and  that  the  movement  was  due  to  one 
split  gaining  at  the  expense  of  the  other.  It  may  equally  be 
described  as  two  types  of  association  of  chromatids  replacing  two 
others  (a  description  that  will  be  found  most  convenient  for 
theoretical  consideration)  or  as  the  movement  of  a  chiasma  along 
the  chromosome  towards  the  end  or  away  from  the  centromere. 
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This  last  point  of  view  has  suggested  the  expression  terminalisaUon 
to  describe  the  change  (D.,  1929  c). 

However  many  chiasmata  are  terminaHsed,  the  chromosomes 
remain  associated  by  terminal  chiasmata.  It  must  therefore  be 
assumed  that  they  merge  at  the  ends,  for  if  they  fused  interstitially 
they  would  sometimes  cancel  one  another  out.  Why  they  do  not 
do  so  when  they  fuse  at  the  ends  is  a  problem  that  will  be  specially 
considered  later  (Ch.  XII). 

In  many  organisms,  such  as  Tiilipa  and  Zea,  a  slight  movement  of 
chiasmata  takes  place,  but  there  is  usually  no  fusion  at  the  ends  and 
interstitial  chiasmata  remain  at  metaphase.  It  is  then  found  that 
when  there  is  one  chiasma  in  each  arm  this  chiasma  has  been  pushed 
to  the  end.  When  there  are  two,  the  loop  between  them  is  smaller 
than  that  containing  the  centromere.  It  seems  that  an  equilibrium 
is  reached,  characteristic  for  a  particular  type  of  bivalent  with  a 
particular  number  of  chiasmata,  between  two  kinds  of  repulsion,  the 
generalised  body  repulsion  which  effects  the  even  distribution  of 
chromosomes  at  all  stages  of  mitosis  and  meiosis,  and  the  localised 
centromere  repulsion,  which  effects  the  separation  of  the  chromosomes 
at  anaphase  in  both  mitosis  and  meiosis.  The  different  degrees  of 
terminaUsation  are  then  due  to  different  degrees  of  centromere 
repulsion,  in  relation  to  the  length  of  the  chromosome.  Means  of 
testing  these  assumptions  we  shall  discover  later. 

(vii)  Metaphase  :  the  Structure  of  Bivalent  Chromosomes.  After 
diakinesis  the  wall  of  the  nucleus  disappears  and  the  spindle  develops 
as  in  ordinary  mitosis.  The  bivalent  chromosomes  arrange 
themselves  on  the  equator  with  their  pairs  of  centromeres 
orientated  just  as  the  two  daughter  centromeres  of  a  mitotic 
chromosome  are  orientated  in  early  anaphase.  That  is  to  say,  they 
lie  symmetrically  on  either  side  of  the  equatorial  plane  and  in  an 
axial  direction  from  one  another.  Under  favourable  conditions  of 
fixation  in  the  largest  chromosomes  they  appear  as  single  spherical 
bodies  a  quarter  of  a  micron  in  diameter  {v.  Ch.  XII).  Each 
chromosome,  i.e.,  pair  of  chromatids,  now  acts  as  though  it  had  a 
single  centromere.  The  two  centromeres  of  the  bivalent  (whose 
repulsion  has  momentarily  lapsed)  begin  to  repel  one  another 
actively,  so  that  they  are  separated  by  the  two  segments  joining 
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them  to  the  first  chiasma.  If  these  segments  are  short  they  are 
drawn  out,  as  is  the  case  with  small  chromosomes  at  diakinesis,  into 
a  fine  thread. 

The  successive  loops  between  chiasmata  have,  with  the  increasing 
thickness  and,  presumably,  rigidity  of  the  chromosomes,  come  to  lie 


Fig.  33. — Diagram  to  show  the  chromatid  structure  of  representative 
types  of  bivalents  at  metaphase.  A,  with  unterminahsed, 
random  chiasmata.  B,  with  unterminahsed,  locaHsed  chiasmata. 
C,  with  completely  terminalised  chiasmata.  x,  xta  :  chiasma 
and  chiasmata.  [a),  with  subterminal  centromere  (represented 
by  arrow)  ;   {b),  with  submedian  centromere.    (From  D.,  1931  c.) 


in  planes  at  right  angles  to  one  another  before  diakinesis.  This 
condition  is  still  more  strongly  developed  at  metaphase,  and  is 
indeed  the  only  direct  criterion  of  the  existence  of  chiasmata  at  this 
stage  in  ordinary  preparations. 

Metaphase  bivalents  are  therefore  found  to  fall  into  various 
types  according  to  (i^  size  of  the  chromosomes  ;    (ii)  position  of 
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their  centromeres  ;  (iii)  the  number  and  position  of  the  chiasmata, 
and  especially  the  distance  of  the  nearest  chiasma  from  the  centro- 
mere. Hence  all  metaphase  bivalents  fall  into  classes  of  which 
types  are  illustrated  in  the  diagram  (Fig.  33).  The  three  classes 
as  determined  by  the  position  of  the  chiasmata  are  as  follows  : 
A,  those  with  nearly  random  chiasmata  ;   B,  those  with  chiasmata 


t  IG.  34. — Diagram  showing  forms  of  bivalents  at  the  first  metaphase 
of  meiosis.  M.P.,  polar  or  top  view  of  the  metaphase  plate.  M.E., 
equatorial  or  side  view  of  the  same.  A.E.,  equatorial  view  of  anaphase 
showing  daughter  bivalents  (not  shown  in  types  R  to  W,  which 
correspond  with  earlier  forms).  Note  that  constrictions  do  not  show 
at  metaphase  except  by  their  position  at  the  centromere.  Compare 
with  line  diagrams  of  structure  (Fig.  33)  as  follows  : 


Type  A, 

I  chiasma  (a)  : — 

G,  H.  L 

(b)  :- 

I,  R 

2  chiasmata  (a)  : — 

N  (one  terminal),  S,  T 

(b):- 

J,  u 

3  chiasmata  : — 

K,  0,  P  (one  terminal),  Q 

Type  B, 

I  chiasma  (a)  : — 

V 

(b):- 

M 

2  chiasmata  (a)  : — 

W 

(b)  :- 

(Not  shown) 

3  chiasmata 

(Not  shown,  cf.  Q) 

Type  C, 

I  chiasma  (a)  : — 

A,B 

(b):- 

C,  D 

2  chiasmata  (b) : — 

E.  F 

localised  near  the  centromere  ;  C,  those  with  chiasmata  confined 
to  the  ends  or  near  the  ends  of  the  chromosomes,  following  ter- 
minalisation. 

These  classes  are  readily  explained  by  reference  to  the  observations 
of  the  origin  of  chiasmata  at  diplotene  and  their  later  movement  in 
terminalisation.     It  is  to  be  noticed  especially  that,  at  metaphase, 
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Table 


Provisional   Classification   of   Annuals  and   Plants  according  to   the   Dis 


I.  Localised  Proximally:  Slight  Movement. 


Animals 
Bombinator  $ 
Zoogoniis  minus 
Hippisciis 
Tropidolophus 
Mecostethns  spp. 


Aggregata  . 
Baryoiixia 
Rattus 

Chromacris  miles 
Tettigonia  . 
Reptilia  (various) 

Gampsocleis 


Plants 
Fritillaria  Meleagris, 

etc.  (15  spp.). 
Ranunculus  acris 
Anemone  appenina 
Allium  fistulosum 
A .     Farreri     and     A. 

Porrus  (4x). 
Sagittaria  Aginashi 
Trillium  kmntschaticum 
Lilium  regale 
Tulip  a  lini folia  . 
Paris  quadrifolia 


2.  Distributed  :  Slight  Movement. 


Lebrun,  1902. 
Gregoire,  1909. 
McClung,  1914. 

1927- 
Janssens,  1924. 
White,  1935  a. 
Belar,  1926  b. 
Wedekind,  1927. 
Minouchi,  1929  a. 
Saez,  1930. 
de  Winiwarter,  1931. 
K.  Nakamura,  193 1. 
Matthey,  1933. 
Haseyama,  1932. 


Newton  and  D.,  1930 

D-,  1935- 
Larter,  1932. 
Bocher,  1932. 
Levan,  1933. 
1935- 

Shinke,  1934. 
Matsuura,  1935. 
Mather,  1935. 
Upcott,  unpub. 
D.,  unpub. 


Pristiurus 
Tomopteris 
Pamphagus 
Dendrocoelum     . 
Marsupalia 

(various) . 
A  ctinophrys 
Stenobothrus  and 

Chorthippus 

spp. 

Amoeba 
Eumeccs    . 

Rattus 

Melanoplus 

Culex 


Hyacinthus  spp. 

Uvularia  . 

Ephedra    . 
Lathyrus  odoratus 
Vicia  Faba 
Fritillaria 

(10  spp.) 
Taxus 
Kniphofia 
Allium  spp. 
Crepis  spp. 
Lilium  spp. 

S  cilia 

Podophyllum 


Riickert,  1892. 

Schreiner,  1906. 

Granata,  1910. 

Gelei,  1913. 

Agar,  1923. 

Roller,  1936. 

Belar,  1922. 

Janssens,  1924. 

D.    and   Dark, 
1932  ;         D., 
1932  c,  1936^. 

Belar,  1926. 

K.        Nakamura, 

1931- 
Roller     and     D., 

1934- 
Hearne  and  Hus- 

kins,  1935- 
Moffett,  1936. 


Belling,  1925  a. 
D.,  19296,  1932  d. 
Belling,  1925. 
1926. 
Geitler,  1929. 
Maeda,  1930. 

D.,  1936  e. 

Dark,  1932. 
Moffett,  1932. 
Levan,  1932-35- 
Richardson,  1935. 
Mather,  1935. 
Richardson,  1936. 
Dark,  1934. 
Sato,  1934  b. 
D.,  1936  c. 
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III 


tribution  of  Chiasmata  at  First  Metaphase  in  their  largest  Chromosomes 


3.  Equilibrated  :  Incomplete  Terminalisation. 

4.  Fused :  Complete  Terminalisation, 

Leptynia 

de  Sinety,  1901. 

Myxine  and  Spinax 

Schreiner,  1906. 

Brachystola  . 

Sutton,  1902. 

Federley,  1914. 

A  llolobophora 

Foot  and  Strobell, 

Lepidoptera 

Seiler,  1923. 

1905. 

(various) . 

Salamandra . 

Schreiner,  1906. 

Forficula 

Payne,  1914. 

Circotettix     . 

Carothers,  192 1. 

Acridium 

Robertson,  191 5. 

Helwig,  1929. 

Rhodites  and  Cynips 

Hogben,  1920. 

Phrynotettix . 

Wenrich,  191 6. 

Rana  . 

Witschi,  1924. 

Discoglossiis . 

Champy,  1923. 

Belostoma 

Chickering,  1927. 

Orgyia  antiqua 

Cretschmar,  1928. 

Bruchus 

Brauer,  1928. 

.  Nyctereutes  . 

Minouchi,  1929, 

Orgyia  thyellina     . 

Cretschmar,  1928. 

Homo 

Evans  and  Swezy, 
1929. 

A  lydus 

Reuter,  1930. 

Macronemurus  $    . 

Naville      and      de 

Macronemurus  ^   . 

Naville       and       de 

Beaumont,  1933. 

Beaumont,  1933. 

Odonaia  (various) . 

Asana  and  Makino, 
1935- 

Bufo    . 

Saez  et  al.,  1936. 

Primus  spp. 

D.,  1930  a. 

Humtilus  spp. 

Kihara,     1929     {v. 
text). 

Drosera 

Rosenberg,  1909. 

Matthiola 

Philp  and  Huskins, 

Rumex 

Kihara,  1927. 

1931- 

Sato  and  Sinoto, 
1935. 

Cladophora  . 

Higgins,  1930. 

(Enothera 

Catcheside,  1931  b. 

Schussnig,  1931. 

Rhoeo  and 

D.,  1929  c. 

Rosa    . 

Erlanson,  1931, 

Tradescantia. 

1933- 

A  ucuba  japonica   . 

Meurman,  1929. 

Pisum 

E.      R.      Sansome, 

Campanula  . 

Gairdner    and     D., 

1933- 

193 1- 

Tulip  a 

D.      and      Janaki- 

Primula  sinensis   . 

D.,  1931  a  ;    Dark, 

Ammal,  1932. 

1931- 

Festuca  and  Lolium 

Peto,  1933- 

Dahlia  spp. 

Lawrence,  1929. 

Triticum 

D.,  1931  d  ; 

Mather,  1935. 

Anthoxanthum 

Kattermann,  193 1. 

Secale 

D.,  1933  d. 

Polemonium 

J.  Clausen,  1931  a. 

A  vena. 

D.,  1933  e. 

Dactylis  glomerata . 

Miintzing,  1933. 

Zea  Mays     . 

D.,  1934  ^• 

Agapanihus 

D.,  1933  a. 

Briza  media. 

Kattermann,  1933. 

Hevea 

Ramaer,  1935. 

Primula  malacoides 

Kattermann,  1934. 

Solanum 

Upcott,  1935. 

Makinoa 

Tatuno,  1933. 

Lycopersicum. 

Eremurus 

Upcott,  1936. 

Lathyrus  odoratus 

Upcott,  1936. 

Setcreasia 

Richardson,  1935. 

(mutant). 
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bivalent  forms  are  to  be  found  which  correspond  with  different 
stages  of  terminahsation,  and  it  is  evident  from  observations  on 
Rosa  (Erlanson,  1931  c)  that  this  is  due  to  the  process  being 
interrupted  before  completion  by  the  onset  of  metaphase,  after  which 
it  proceeds  no  further. 

We  have  as  the  extreme  type  of  terminahsation  organisms  in 
which  interstitial  chiasmata  have  never  been  observed  at  metaphase, 
e.g.,  Rhoeo  discolor  (Fig.  53,  D.,  1929  c  ;   Roller,  1932  c). 

Secondly,  we  have  organisms  in  which  a  proportion  of  interstitial 
chiasmata  are  found,  e.g.,  Circotettix,  Matthiola  incana  and  Rosa. 

Finally,  we  have  organisms  in  which  terminal  chiasmata  occur 
fairly  frequently,  but  since  there  is  no  appreciable  reduction  in  the 
number  of  chiasmata  between  diplotene  and  metaphase  the 
occurrence  of  terminal  chiasmata  is  presumably  due  to  the 
terminahsation  of  only  the  distal  chiasma,  accompanied  no  doubt 
by  slight  movement  of  the  proximal  ones — e.g.,  Stenobothrns, 
Mecostethus,  Fritillaria  imperialis  and  F.  Meleagris  (Figs.  25-28). 

All  chromosome  association  at  m^etaphase  that  is  derived  directly 
from  pachytene  association  may  therefore  be  regarded  as  derived 
merely  by  the  formation  and  movement  of  chiasmata.  Pairing 
that  is  not  derived  from  pachytene  association  will  receive  special 
consideration  (Chs.  IX  and  XII). 

The  table  classifying  bivalent  types  is  based  on  these  considera- 
tions. The  original  distribution  and  later  movement  of  the 
chiasmata  is  inferred  where,  as  in  so  many  organisms,  it  has  not 
yet  been  observed,  from  the  form  of  the  metaphase  chromosomes. 
This  kind  of  inference  has  been  made  in  (Enothera  (D.,  1929  a  and  c), 
where  at  the  time  interstitial  chiasmata  had  never  been  observed. 
Later  work  has  shown  such  inferences  to  have  been  correct. 

The  classification  enables  us  to  examine  on  a  broader  basis  the 
conditions  affecting  terminahsation  and  localisation. 

Thus  it  will  be  seen  that  the  first  two  classes  with  minimum 
terminahsation  have  all  large  chromosomes.  The  fact  that  amongst 
these  are  also  all  those  with  localisation  of  chiasmata  is  not  sur- 
prising, since  this  depends  on  delay  in  pairing  of  parts  of  chromo- 
somes such  as  can  only  occur  where  a  great  length  is  to  be  paired. 
The  fact  that  all  types  with  the  minimum  terminahsation  have 
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large  chromosomes  suggests  that  terminalisation  depends  on  the 
size  of  chromosomes.  When  we  recall  that  the  effectiveness  of  the 
body  repulsion  depends  on  the  size  of  the  nucleus  we  see  that  this 
also  is  not  surprising.  Although  similar  or  even  greater  forces 
may  be  engaged  in  moving  these  large  chromosomes  they  will 
have  less  effect.  This  conclusion  is  borne  out  by  the  comparison 
of  chromosomes  of  different  sizes  within  the  complement.  In 
Stenobothrus ,  for  example,  we  see  that,  while  in  the  larger  chromo- 
somes there  is  a  low  degree  of  terminalisation,  in  the  smallest  one 
the  process  is  always  complete.  The  same  is  true  in  the  small 
fragments  of  Fritillaria  imperialis  (D.,  1930  d,  cf.  Ch.  V). 

The  degree  of  terminalisation  is  probably  correlated  with  the 
degree  of  longitudinal  contraction.  Thus  in  male-sterile  Lathyrus 
as  compared  with  the  normal  (Upcott,  1936),  and  in  the  male 
Macronemurus  as  compared  with  the  female  (Naville  and  de  Beau- 
mont, 1933)  contraction  is  greater  and  terminalisation  is  more  com- 
plete. It  seems  that  the  greater  contraction  may  directly  determine 
a  greater  repulsion  and  hence  a  greater  movement,  but  the  con- 
nection might  be  indirect  in  several  other  ways. 

When  we  compare  behaviour  in  related  species  we  find  that  other 
variables  are  concerned  :  there  is  no  direct  relation  between  size 
and  terminalisation,  for  example,  amongst  species  of  Allium  (Levan, 
1935)-  Species  therefore  differ  in  the  degree  of  centromere  repulsion 
during  prophase,  independently  of  the  size  of  their  chromosomes. 
Nevertheless  those  with  the  longest  chromosomes  never  have  a 
high  degree  of  terminalisation. 

The  question  then  arises  why  all  chiasmata  should  be  terminal 
in  one  group  of  organisms  with  very  large  chromosomes,  the  tetra- 
ploid  relatives  of  Tradescantia  virginiana  (D.,  1929  c  ;  Richardson, 
1935).  This  species  passes  through  a  diffuse  stage  at  diplotene, 
and  the  stages  of  movements  of  chiasmata  have  not  been  seen. 
It  seems  probable  that  pairing  and  chiasma-formation  are  localised 
near  the  ends,  that  this  species  in  fact  corresponds  with  Fritillaria 
in  having  interrupted  pairing,  but  merely  begins  its  pairing  at  the 
ends  instead  of  near  the  centromere. 

(viii)  Anaphase  :  the  Separation  of  Chromatids.  When  the 
bivalent  chromosomes  have  been  arranged  on  the  metaphase  plate 
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so  tliat  their  pairs  of  centromeres  lie  in  the  axis  of  the  spindle  they 
divide  ;  the  pairs  of  chromatids  associated  at  the  two  centromeres 
move  to  opposite  poles.  This  means  that  in  segments  distal  to  a 
chiasma  pairs  of  chromatids  pull  apart.  And  it  is  evident  that  they 
resist  this  separation,  for  bivalents  which  have  the  greatest  length 
of  chromatids  to  pull  apart  lag  behind  the  rest  (Plate  VI,  and  Figs. 
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4-^ 


Fig.  35. — Left,  metaphase,  and  right,  anaphase,  in  Uvularia  perfoliata  . 
with  three  lon-g  and  four  short  pairs.     Internal  spirals  shown  by- 
some  chromosomes.      X  2200  (D.,  unpub.). 

28  and  35).  Such  chromosomes  are  seen  at  anaphase  with  their 
two  chromatids  separated  throughout  their  length.  Conversely, 
the  simplest  and  quickest  separation  is  found  amongst  bivalents 
with  terminal  chiasmata.  These  merely  break  their  terminal  con- 
nections and  pass  to  the  poles  without  any  forced  separation  of  their 
paired  chromatids.  Indeed,  sometimes  they  give  no  evidence, 
except  at  their  tips,  of  their  double  structure.  The  extremes 
are  therefore  found  with  proximal  localisation  (Fig.  34,  M,  V,  W) 
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and  with  terminalisation  (Fig.  34,  A-E).  For  regularity  in  the 
separation  of  the  paired  chromosomes  it  is  evident  that  uniformity 
in  chiasma  distribution  is  the  essential  condition,  and  the  ideal  is 
therefore  complete  terminalisation. 

Terminalisation  and  likewise  localisation  of  chiasmata  are 
characteristic  properties  of  species,  and  variation  in  the  metaphase 
distribution  of  chiasmata  must  be  regarded  as  another  instance  of 
the  control  exerted  by  the  genotype  over  the  behaviour  of  the 
chromosome  complement  as  a  whole  {v.  Ch.  III).  Hence  we 
can  see  in  the  very  general  occurrence  of  terminalisation  an 
adaptation  to  the  conditions  of  regular  anaphase  separation.  The 
opposite  advantages  of  localisation  will  be  considered  in  relation 
to  the  genetical  theory  (Ch.  VII). 

In  organisms  having  complete  terminalisation,  as  a  rule,  if  an 
occasional  bivalent  has  an  interstitial  chiasma,  it  is  sharply 
distinguished  at  anaphase  by  its  lagging.  Such  is  the  reason  for 
the  lagging  of  chromosomes  described  in  the  following  species. 
(The  list  does  not  include  cases  where  the  cause  of  the  appearance 
of  the  interstitial  chiasma  is  probably  arrest  of  terminalisation  by 
change  of  homology  in  a  structural  hybrid,  Ch.  XII.) 

Table  13 
Lagging  of  Bivalents  with  Interstitial  Chiasmata 


Phragmatohia  fuliginosa 
Physaloptera  sp. 


Stenobothriis  spp. 
Cycas  revoluta  . 
Spinacia  oleracea 
Viola  striata 
Prunus  hybrids 
Yucca  flaccida 
Lachenalia  glaucina 


Seller,  1914. 

Walton,     1924.       (Large    X    chromosomes    in 

homozygous  sex.) 
Belar,  1929  a  ;    D.  and  Dark,  1932. 
Nakamura,  1929. 
Maeda  and  Kato,  1929. 
J.  Clausen,  1929. 
D.,  1930  a. 
O'Mara,  1932. 
Moffett,  1936. 


The  other  side  of  the  picture  is  shown  by  the  precocious  separation 
of  bivalents  in  certain  organisms.  This  is  particularly  noted  where 
most  of  the  bivalents  have  interstitial  chiasmata.  If  then  an 
exceptional  one  has  a  terminal  chiasma,  and  especially  if  this  is 
a  short  chromosome,  it  seems  to  divide  precociously  {e.g.,  Mus 
musculus,  Painter,  1927  ;  Ranunculus  acris,  Larter,  1932). 
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Careful  comparison  of  several  such  cases  shows  that  the  centro- 
meres of  the  two  "  separating  "  chromosomes  are  no  further  apart 
than  those  of  the  larger  chromosomes,  but  the  parts  of  the  chromo- 


FiG.  36. — Diagram  showing  chromatid  behaviour  in  anaphase 
separation  of  bivalents  of  different  types.  A.  Single  chiasma  : 
one  chromatid  in  each  daughter  chromosome  shows  a  constric- 
tion. This  constriction  is  momentary  and  has  been  best  seen  in 
living  material  (Belar,  1928,  Fig.  266  ;  cf.  Janssens,  1924, 
Fig.  259  ;    Belling,  1926  b,  Fig.  6). 

B  and  C.  Two  comparate  chiasmata  :  the  chromatids 
are  associated  distally  to  the  second  as  they  were  proximally  to 
the  first  (E.  R.  Sansome,  1932  ;  cf.  Janssens,  1924,  Fig.  259  ; 
Belling,  1926  b,  Fig.  6  ;  Newton  and  D.,  1930).  The  point  at 
which  the  chromatids  separate  last  appears  to  show  a  connection 
(D.,  1929  b,  Figs.  29  a  and  56). 

C.  The  loops  formed  by  the  two  pairs  of  chromatids  interlock 
(Janssens,  1924,  Fig.  259).  One  loop  then  breaks  its  terminal 
association  in  separating  (Belar,  1929  a,  Fig.  9). 

D.  Two  disparate  chiasmata  :  the  anaphase  figures 
are  asymmetrical  in  consequence  (Janssens,  1924,  Fig.  259  ; 
Newton  and  D.,  1930). 

N.B. — Cf.  also  Saicamura,  1915  ;  Maeda,  1930,  a  and  b  ; 
Richardson,  1936,  D.,  1936  d. 

somes  between  the  centromeres  and  the  terminal  chiasma  are  so  small 
as  to  be  drawn  into  a  fine  thread  which  may  be  invisible  (Chorthippus, 
D.,  1936  d,  and  Fig.  49  c). 
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Pig  ^7  —First  anaphase  to  second  anaphase  changes  in  Podophyllum 
versipelle.  A.  First  anaphase  showing  internal  spiral  i^-to^- 
Interphase  showing  the  development  of  relic  spirals  (R.  and  1. 
and  sister  chromatids  held  together  at  the  centromere  Small 
nucleoli.  G.  Early  second  metaphase.  H.  and  K  PoJ^r  and 
side  views  (with  centromeres)  of  early  anaphase.  L  Chromo- 
some showing  internal  spiral.  M.  Second  metaphase  with  highly 
spiralised  chromosomes.      X  2000  (D..  1936  c). 
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The  observation  of  the  structure  of  anaphase  chromosomes  is  of 
great  importance.  It  shows,  first,  that  what  might  have  been 
regarded  at  metaphase  as  "  points  of  contact "  between  the 
chromosomes  really  were  chiasmata.  This  is  particularly  significant 
in  organisms  (such  as  Pisum  or  Qinothera)  where  it  has  not  been 
possible  to  trace  the  development  of  the  chiasmata  in  prophase. 
It  shows,  secondly,  the  relationship  of  the  exchange  undergone  at 
one  chiasma  to  that  undergone  at  the  next.  Two  types  of  relation- 
ship are  to  be  expected  (Newton  and  D.,  1930).  In  one  the  second 
chiasma  restores  the  association  of  chromatids  that  was  lost  at  the 
first  chiasma  ;  the  two  chiasmata  may  then  be  said  to  be  compensa- 
ting or  comparate  in  a  purely  observational  sense.  In  the  other 
type  the  second  chiasma  does  not  restore  the  original  association. 
The  chiasmata  are  non-compensating  or  disparate.  Both  these 
types  of  relationship  are  found  (Fig.  36)  where  anaphase  chromo- 
somes have  been  studied  and  are  readily  distinguished.  They  are 
derived  from  different  kinds  of  relationship  between  the  crossing- 
over  at  the  two  chiasmata  which  will  be  considered  later  (Ch.  VII). 

(ix)  Interphase.  The  chromosomes  pass  to  the  pole  in  half  the 
number  characteristic  of  somatic  mitoses.  But  since  each  consists 
of  two  chromatids  instead  of  one,  these  are  present  in  the  normal 
number.  We  may  say,  therefore,  the  number  of  centromeres  is 
reduced,  the  number  of  chromatids  is  unreduced. 

When  the  chromosomes  reach  the  pole  they  either  reconstitute 
daughter-nuclei  or  they  pass  directly  into  a  second  division.  In 
the  first  case  the  daughter-nuclei  may  pass  into  a  fairly  complete 
resting  stage,  with  uncoiling  of  relic  spirals  and  development  of 
nucleoli.  In  these  circumstances  the  chromosomes  regain,  or 
partly  regain,  their  normal  mitotic  length.  Otherwise,  as  in  many 
animals  and  dicotyledons,  they  remain  contracted  to  the  same 
degree  as  at  the  first  division. 

The  loss  of  contraction  is  shown  to  be  due  to  the  occurrence  of 
an  interphase  by  an  abnormahty  in  Gasteria.  Under  exceptional 
conditions,  doubtless  both  genetic  and  environmental,  shortening 
occurs  in  the  length  of  the  interphase  with  a  corresponding  lack  of 
recovery  to  the  length  of  a  somatic  mitosis  found  in  the  normal 
nuclei  (Tuan,  1931  ;   D.,  1936  d). 


PLATE  IV 

Fig.  I. — Part  of  a  univalent  chromosome  at  first  metaphase  of 
meiosis  in  Hyacinthus  orientalis,  pressed  in  fixation  to  show  spiral 
structure  of  two  chromatids  side  by  side.      X  5000.    (D.,  unpublished.) 

Figs.  2  and  3. — Chromosomes  at  first  metaphase  in  Tradescantia 
virginiana,  fixed  in  boiling  water  and  unstained,  to  show  spiral  structure. 
(Sakamura,  1927.)      x  ca.  1000. 

Fig.  4. — First  metaphase  in  Tradescantia  rubra  {^x  =  24)  pre- 
treated  with  nitric  acid,  fixed  in  medium  Flemming,  stained  in  gentian- 
violet.     (La  Cour,  1935.     cf.  Fig.  137.)      X  ca.  1800. 
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One  constant  distinction  is  observed  at  the  prophase  from  the 
normal  behaviour  at  mitosis  :  the  two  chromatids  are  held  together 
only  at  the  centromere.  Elsewhere  they  actually  seem  to  repel 
one  another  until  metaphase.  This  is  perhaps  to  be  associated  with 
the  unique  property  of  the  interphase  period  between  the  two 
meiotic  divisions,  viz.,  that  there  is  no  division  of  the  chromosomes, 
that  the  associated  chromatids  are  derived  partly  from  association 
with  other  chromatids,  so  that  they  have  undergone  spiralisation 
separately.  The  theoretical  significance  of  this  will  be  considered 
later  (Ch.  XII). 

(x)  The  Second  Division.  The  second  division  follows  the 
course  of  an  ordinary  mitosis.  The  chromatids  momentarily  come 
together  for  part  or  all  of  their  length.  Where  they  are  globular 
they  lie  in  the  axis  of  the  spindle.  They  are  pulled  apart  at  their 
centromeres  which  here  even  more  clearly  than  at  mitosis  are  alone 
concerned  in  their  separation.  Four  daughter-nuclei  are  formed, 
each  with  half  the  number  of  chromosomes  of  the  mother-nucleus. 
Meiosis  is  complete. 

4.    MEIOSIS  IN  POLYPLOIDS 

(i)  Prophase.  It  is  known  from  the  fact  that  chromosomes  may 
pair  in  parthenogenetic  organisms  {q.v.),  that  their  origin,  whether 
maternal  or  paternal,  has  no  connection  with  pairing.  Therefore 
in  polyploids  having  several  identical  chromosomes  of  each  type 
instead  of  two,  we  must  expect  pairing  to  occur  indifferently 
amongst  all  the  chromosomes  of  each  type.  But  there  are  several 
different  ways  in  which  we  might  suppose  this  to  come  about. 
For  example,  at  zygotene  the  threads  might  act  as  units  and  associate 
in  pairs  throughout  their  length,  as  they  do  in  diploids.  Or  they 
might  associate  in  threes  or  fours,  according  to  the  number  present 
of  each  kind,  to  give  a  triple  or  quadruple  thread  at  pachytene. 
Neither  of  these  surmises  holds  good. 

In  both  triploids  (Tiilipa,  Fritillaria,  Zea  Mays  and  Hyacinthtis), 
and  tetraploids  (Hyacinthus,  D.,  1929  6  ;  Allium,  Levan,  1935  b), 
the  chromosomes  come  together  in  pairs.  In  a  triploid,  therefore, 
one  thread  is  left  out  of  association,  while  in  a  tetraploid  two  separate 
pairs  are  formed.     But  different  pairs  are  formed  at  different  points. 
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Each  particle  of  the  chromosome  is  potentially  independent  of  its 
neighbours,  so  that  exchanges  of  partner  take  place  here  and  there 
along  the  paired  chromosomes,  and  the  paired  threads  at  pachytene 
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Fig.  38. — Diagram  illustrating  the  structure  of  the  pairing  chromo- 
somes during  prophase  and  metaphase  of  the  first  division  in 
triploids  and  tetraploids,  with  chromosomes  having  median 
centromeres  and  complete  terminalisation.  Z.,  zygotene  ; 
P.,  pachytene  ;  Dp.,  diplotene  ;  Dk.,  diakinesis  (with  partial 
terminalisation)  ;  M.,  metaphase  (with  completed  terminalisa- 
tion). The  lines  represent  chromosomes  in  the  first  two  stages, 
chromatids  afterwards.  There  are  three  stages  of  development 
when  behaviour  varies  :  (i)  choice  of  partner  at  zygotene  ; 
(ii)  formation  of  chiasmata  at  diplotene  ;  (iii)  orientation  in 
the  spindle  at  metaphase.  Variations  through  the  last  two 
chances  are  shown  but  the  more  complicated  possibilities  are 
omitted  [v.  Figs.  40,  42,  43,  45). 

in  the  tetraploid  resemble  those  at  diplotene  in  the  diploid.  As 
many  as  six  exchanges  have  been  observed  in  one  association 
(Newton  and  D.,  1929  ;   D.,  1929  b). 
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Three  conclusions  may  be  drawn  from  this  behaviour  :  (i)  The 
pairing  properties  of  the  chromosomes  are  specific  to  their  constituent 
particles  (chromomeres),  so  that  the  whole  chromosome  does  not 
act  as  a  unit,  (ii)  The  affinities  of  the  chromosomes  are  satisfied 
by  association  in  twos,  (iii)  Since  the  number  of  changes  of  partner 
is  limited  it  is  evident  that,  as  one  would  expect,  an  unpaired  particle 
is  largely  influenced  in  its  choice  of  partner  by  the  pairing  of  adjoin- 
ing particles,  the  chromosomes  pair  in  blocks.  This,  as  we  shall  see 
later,  must  have  an  important  bearing  on  the  conditions  of  pairing 
in  hybrids,  which  cannot  be  determined  directly. 

In  the  pachytene  thread,  chiasmata  arise  as  in  diploids  approxi- 
mately at  random.  And  since  the  chromosomes  were  paired  by 
blocks  at  random  it  follows  that  where  enough  chiasmata  are 
formed  every  possible  combination  of  them  is  found  amongst  the 
chromosomes  associated.  Amongst  other  combinations  is  that 
where  no  chiasmata  are  formed  at  all  between  two  particular 
chromosomes  where  they  have  been  paired,  for  sometimes  with  free 
exchanges  two  chromosomes  may  happen  to  be  paired  for  a  very 
short  distance.  Thus  there  arise,  in  triploids,  single  chromosomes 
unassociated  with  their  two  homologues,  and,  in  tetraploids,  pairs 
of  chromosomes  unassociated  with  their  homologous  pairs 
(Hyacinthus,  Primula  sinensis).  There  can  be  little  doubt  from  the 
prophase  observations  that  pairing  has  in  these  cases  taken  place 
at  pachytene  between  chromosomes  which  are  left  unassociated  at 
metaphase.  It  therefore  appears  that  the  association  of  chromo- 
somes is  preserved  after  pachytene  and  until  metaphase  solely  by 
the  occurrence  of  exchanges  of  partner,  chiasmata,  amongst  their 
constituent  chromatids  (D.,  1929  c).  This  conclusion  is  borne  out 
by  quantitative  observations  of  various  kinds  (v.  Ch.  XII).  Its 
significance  will  be  considered  later. 

Terminalisation  occurs  in  the  trivalents  and  quadrivalents  that 
arise  from  chiasma-formation  at  diplotene  as  in  the  corresponding 
diploids.  The  associations  produced  in  Primula  sinensis  (D.,  1931  a ; 
Dark,  1931)  and  Solanum  Lycopersicum  (Upcott,  1935)  agree  with 
the  assumption  that  every  pair  of  chromosomes  that  have  been 
associated  interstitially  in  one  arm  are  at  metaphase  associated 
terminally  in  that  arm.     When  chiasmata  joining  three  or  four 
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chromosomes  are  terminalised  to  the  same  end  a  multiple  chiasma 
is  formed  (see  Figs.  40,  44  and  47).  This  consists  in  the  terminal 
association  of  the  two  chromatids  of  each  of  the  chromosomes  with 


Fig.  39.— Chromosomes  of  complete  nuclei  of  diploid  and  triploid 
Ttdipa  at  diakinesis.  The  numbers  of  chiasmata  are  given  under 
each  configuration.  Top,  twelve  bivalents  in  diploid  T.  Ges- 
neriana.  Middle,  nine  trivalents,  three  bivalents  and  above, 
three  corresponding  univalents  in  a  triploid  variety  {cf.  Plate  IV) . 
Bottom,  twelve  trivalents  in  the  same  variety,  and  a  chromatid 
diagram  of  these.  (Note  the  triple  chiasma  in  the  fourth  from 
the  left.)      X   2000  (from  D.  and  Mather,  1932). 


chromatids  of  two  different  chromosomes.  Triple  and  quadruple 
chiasmata  have  been  described  in  Tradescantia,  Aucuha,  Primula, 
(Enothera  (Catcheside,  1931),  Rosa  (Erlanson,  1931),  Avena  (Katter- 
mann,  1931),  Campanula  (Gairdner  and  D.,  1931),  and  Hemerocallis 


CHIASMATA    OF  MULTIVALENTS  123 

(Dark,  1932).  They  also  occur  in  Datura  (Belling,  1927)  and 
Triticum  (Kihara,  1929  et  al.). 

Thus  each  end  of  a  chromosome  in  a  triploid  or  in  a  tetraploid 
may  be  associated  with  all  of  the  ends  (two  in  the  triploid  and  three 
in  the  tetraploid)  that  are  homologous  with  it,  or  with  some  of  them 
or  with  none  at  all.  In  other  words,  the  kinds  of  terminal  association 
at  diakinesis  correspond  exactly  with  the  kinds  of  interstitial 
association  (by  demonstrable  chiasmata)  observed  earlier.  Ten 
kinds  of  quadrivalents  can  be  expected  in  this  way,  and  they  have 
all  been  found  in  Datura  (Belling,  1927  h)  or  Primula  sinensis  (D., 
1 93 1  a).  Clearly  types  where  the  chiasma  is  formed  in  each  arm 
should  be  commoner,  where  the  centromeres  are  approximately 
median,  than  those  where  two  are  formed  in  one  arm  and  none  in 
the  other.  It  follows,  therefore,  that  the  simple  ring  or  chain 
quadrivalents  are  the  commonest  types,  in  forms  with  median 
centromeres  [Primula,  Datura,  Campanula). 

In  tetraploid  Primula  not  only  simple  bivalents  but  very 
occasionally  univalents  (unpaired  chromosomes)  are  found.  Since 
the  latter  do  not  occur  in  the  corresponding  diploid  it  must  be 
supposed  that  the  exchanges  of  partner  at  pachytene  are  hindered 
by'  the  presence  of  intervening  chromosomes  to  a  greater  extent 
than  in  the  diploid  (cf.  interlocking),  and  that  pachytene  association 
is  therefore  often  incomplete.     The  time-limit  comes  into  effect. 

(ii)  Metaphase  :  the  Limits  of  Chromosome  Association.  The 
extent  to  which  corresponding  chromosomes  associate  at  metaphase 
has  been  described  in  a  number  of  polyploids  in  which  these 
chromosomes  are  supposed  to  be  identical  or  nearly  identical.  In 
several  triploids  and  tetraploids  the  chromosomes  have  been  said 
to  associate /w%,  i.e.,  in  x  trivalents  or  quadrivalents  [e.g.,  Canna, 
Belling,  1921  ;  Datura,  Belling,  1927  ;  Primula  Sieboldii,  Ono, 
1927 ;  Hemerocallis,  Sinoto,  1929 ;  Hyacinthus,  Belling,  1928). 
Recent  work  has  shown  that,  while  full  association  does  occur  in 
most  such  forms  in  a  proportion  of  nuclei,  in  a  proportion  also  it 
fails.  Trivalents  are  replaced  by  bivalents  and  univalents  in  the 
triploids  and  by  pairs  of  bivalents  in  the  tetraploids.  Associa- 
tion is  therefore  both  incomplete  and  variable,  as  Table  15 
shows. 
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Table  14 

Observations   of  Meiosis  in  Auto-Polyploids 

I.  (Plants  only)  Triploids 
Hyacinthtis  orientalis     (x  =  8)      D.,   1929  b  ;    Stone  and  Mather, 

Tulipa  vars. 


1932. 


Lilium  tigrtnum 
Zea  Mays 


{x  =  12)    Newton  and  D.,  1929  ;    D.   and 
Mather,  1932. 

{x  =  12)    Takenaka  and  Nagamatsu,  1930  ; 
Mather,  1935. 

{x  =  10)    McCHntock,  1929. 
Solanum  Lycopersicum  (x  =  12)    Lesley,  1929  ;   Upcott,  1935. 
Primula  sinensis  (x  =  12)    Dark,  1931. 

Allium  spp.  (x  =  8)      Levan,  1931,  1933  a,  1935  b. 

Hemerocallis  fulva         {a;  =  11)    Dark,  1932. 
Oryza  sativa  (x  =  12)    Morinaga  and  Fukushima,  1935. 


A.  Plants 

Solanum  Lycopersicum  {x 

Hyacinthus  orientalis  (x 

Primula  sinensis  {x 

Nicotiana  suaveolens  {x 

Dactylis  glomerata  (x 

Allium  schoenoprasum  (x 

Petunia  (hort.)  (x 

Primula  malacoides  {x 


2.     Tetraploids 

12)  j0rgensen,  1928  ;   Lesley  and 

Lesley,  1930  ;   Upcott,  1935. 

8)  D.,  1929  b  {4X  —  2). 

12)  D.,  1931  a. 

16)  Goodspeed  and  Avery,  1929  a. 

7)  Miintzing,  1936. 

8)  Levan,  1935  b. 
7)  Matsuda,  1935. 

9)  Kattermann,  1935. 


B.  Animals  (tetraploid  cells  in  diploid  testes) — 

Schistocerca  gregaria  (a;  =  11)    White,  1933. 
Drosophila   pseiido- 

obscura  (hybrid)  {x  =  5) 

Culex  pipiens  (x  =  3) 

Chrysochraon  dispar  (a;  =  9, 


Dobzhansky,  1934. 
Moffett,  1936. 
Klingstedt,  unpub. 


126      MEIOSIS   IN   DIPLOIDS   AND   POLYPLOIDS 

Where  only  a  single  extra  chromosome  is  present  in  trisomic 
plants  it  behaves  in  the  same  way  as  do  each  of  the  extra 
chromosomes  in  a  triploid  {e.g.,  Solanum,  Lesley,  1929  ;  Matthiola, 
Philp  and  Huskins,  1931  ;  Datura,  Belling,  1927).  Tetraploids 
with  complete  terminalisation  show  very  clearly  the  further 
interesting  property  that  although  the  chromosomes  must  be  in 

Table  15 

Variation  in  Pairing  of  Chromosomes  in  Triploids  and  Tetraploids 

(Cf.  Table  14.) 


Triploids 
3x  ^  36 

Numbers  of  cells  with  different  numbers  of  trivalents 

01234          5         6789        10        II       12 

Lilium  tigrinum  . 
Tulipa 

Gesneriana  : 
Keiserskroon   . 
Pink  Beauty    . 
Inglescombe 
Yellow 
Solanum  lycoper- 
sicum 

—  —      —      —      —      —         2         4         9      25       14       12         4 

—  —      —     —     —        2—        I         4        8        5—        I 

—  —      —      —      —         21326523 

—      I       I          2          I          2       

—  —     —       5     13     17     10       5     —     —     —     —     — 

Tetraploids  ^x  =  48 

Numbers  of  cells  with  different  numbers  of  quadrivalents 

Solanum  ly  coper - 

sicum 
Primula  sinensis . 

3       12       10          2       15          6      2       

approximately  symmetrical  associations  at  pachytene  (every  change 
of  partner  being  reciprocal)  their  metaphase  associations  occur  in 
all  the  possible  ten  types,  of  which  only  four  are  symmetrical 
(having  both  ends  of  all  the  chromosomes  behaving  similarly). 
Association  is  therefore  variable,  not  only  as  affecting  whole  chromo- 
somes but  as  affecting  their  parts. 

Now  it  has  been  seen  that  the  chromosomes  of  bivalents  appear 
to  be  held  together  at  diakinesis  and  metaphase  merely  by  chiasmata, 
for  the  chromosomes  themselves  repel  one  another.  And  it  has 
been  seen  also  that  chiasmata  are  usually  formed  in  a  number 


PLATE  V 

Meiosis  in  Triploids 

Figs,  i  and  2. — Zygotene,  three  chromosomes  (running  right  and  left 
in  both  nuclei)  pairing,  early  and  late  stage.  Note  that  the  chromosomes 
are  single  threads  and  associate  in  pairs.     Tulipa  (D.,  1931  b.)  x  ca.  1000. 

Fig.  3. — Fritillaria  dasyphylla  (3,^  =  36),  showing  univalent  and 
trivalent  chromosomes  from  first  metaphase  to  telophase.  Flemming  — 
gentian-violet  smear  taken  with  4  mm.  objective.  (La  Cour  and 
Osterstock.)      x  ca.  500. 
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proportionate  to  the  length  of  the  chromosome,  or  at  least  the 
length  paired  at  pachytene,  but  varying  in  different  nuclei  both  in 
number  and  position.  The  obvious  conclusion  is  therefore  that 
failure  of  chromosome  association  and  its  asymmetry  is  due  to 
failure  of  chiasm^a  formation  owing  to  reduction  in  the  length  paired 
at  pachytene,  and  hence  that  any  two  chromosomes  are  associated 
by  virtue  of  a  chiasma  formed  between  them  (D.,  1929  h). 

In  order  to  test  this  hypothesis  a  closer  analysis  of  chiasma 
formation  in  triploid  Tulipa  and  Hyacinthus  has  been  attempted 


^h 


^^%l^W\\^^i{ 
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Xhx:  9.2      8.2      4..    0     3.1    3.2  1.0  I.I    2.1   2.\  l.oj.o 

Fig.  41. — Bivalents  and  multivalents  in  Hyacinthus,  side  view 
(2w  =  4,r  —  2  =  30)  ;  four  types  of  L,  two  of  M  and  two  of  S. 
Four  chromosomes  of  each  type  except  L^and  M.  x  2000  (after 
D.,  19296). 

(D.  and  Mather,  1932  ;  Stone  and  Mather,  1932).  It  is  found  that 
in  Tulipa  the  proportion  of  univalents  (with  no  chiasmata)  as  well 
as  of  chromosomes  with  different  numbers  of  chiasmata  can  be 
approximately  predicted  on  the  assumptions  : — (i)  that  the  lengths 
of  the  chromosomes  which  pair  at  pachytene  vary,  as  might  be 
expected,  from  the  randomness  of  association  observed  at  this  stage 
amongst  the  three  chromosomes  (only  two  of  which  can  be  paired  at 
any  one  point),  but  the  variation  is  very  high,  as  though  it  were 
due  to  random  association  of  a  small  number  of  "  pairing  blocks  "  ; 
(ii)  that  the  numbers  of  chiasmata  formed  in  these  paired  lengths 
vary  in  the  usual  way  ;    and   (iii)   that   the   association    of    the 
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Fig.  42. — Multivalent  configurations  of  small  chromosomes,  seen  in 
side  view  of  first  metaphase.  Roman  numerals  show  the  number 
of  chromosomes  in  the  configurations.  Ill  a-c,  IV  a-k,  and 
VI  b,  c  and  f,  have  only  terminal  chiasmata.  The  rest  have 
some  interstitial  chiasmata.  IV  c  has  an  imperfect  quadruple 
chiasma  {cf.  Ch.  XII),  IV  d  a  perfect  one.      X  ca.  6000. 

These  figures  have  been  found  in  Prunus  (D.,  1928,  1930  a, 
Meurman,  1929),  Pyrus  (D.  and  Moffett,  1930;  Moffett,  1931), 
Solanum  (Jorgensen,  1928),  Primula  (D.,  1931  a),  Galeopsis 
(Munt?ing,  1932).  and  will  probably  be  found  in  many  other 
genera  where  they  have  previously  escaped  notice. 

chromosomes  at  metaphase  is  conditioned  by  the  formation  of  the 
chiasmata. 

In  triploid  Hyacinthus  there  are  three  types  of  chromosomes,  long, 
medium  and  short,  with  average  frequencies  of  chiasmata  amongst 
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the  three  chromosomes  of  each  kind  of  6-2,  3-6  and  2-0  respectively 
{i.e.,  in  proportion  to  their  length).  As  expected,  the  three  types 
have  distinct  frequencies  of  univalents — 2-8,  o-i  and  11-9  per  cent, 
respectively.  The  high  frequency  of  univalents  amongst  the  short 
chromosomes  is  explained  by  the  low  frequency  of  chiasmata.  The 
fact  that  the  long  chromosomes  have  a  slightly  higher  frequency 
than  the  medium  ones  is  attributed  to  the  interference  with  free 
assortment  resulting  from  their  extreme  length,  for  they  are  the 
longest  chromosomes  known  in  any  organism.  This  may  be 
expressed  by  saying  that  they  have  fewer  pairing  blocks  than  the 
shorter  chromosomes,  two  instead  of  four  or  five. 

Thus  quadrivalents  are  less  frequent  among  the  short  chromo- 
somes than  amongst  the  long  ones,  in  tetraploids  not  only  of 
Hyacinthus,  but  also  of  Schistocerca  (White,  1933)  and  of  Urginea 
and  Scilla  (Sato,  1934).  Similarly  in  polyploid  forms  with  localised 
pairing  and  chiasmata  we  must  expect  fewer  multivalents  than  in 
corresponding  forms  with  complete  pairing,  since  the  effective 
length  for  pairing  is  shorter.  This  property  is  possibly  shown  by 
the  tetraploid  Allium  Porrum  (Levan,  1935  a). 

More  direct  evidence  that  chromosomes  are  held  together  by 
chiasmata  at  metaphase  will  be  considered  in  relation  to  pairing 
in  hybrids.  For  the  present  it  must  be  noted  that  this  view 
conflicts  diametrically  with  the  old  theory  that  chromosomes 
are  held  together  at  metaphase  by  an  affinity  between  them,  and 
adequately  explains  the  present  observations,  while  the  old  theory 
leads  one  to  expect  in  pairing  uniformity,  symmetry,  and  com- 
pleteness, instead  of  variation,  asymmetry  and  incompleteness. 

(iii)  The  Two  Divisions.  The  arrangement  of  multiple  bodies, 
with  several  centromeres,  in  a  bipolar  spindle  is  inherently  irregular. 
The  result  seems  to  depend  on  three  variable  conditions  :  (i)  the 
distribution  of  the  chiasmata  in  the  multivalent  chromosome  ; 
(ii)  the  spatial  relationship  of  the  centromeres  of  the  component 
chromosomes,  as  determined  by  their  position  in  the  chromosomes, 
and  by  the  position  in  which  the  chromosomes  are  held  by  the 
chiasmata  ;  (iii)  the  relationship  of  the  size  of  the  chromosomes  to 
the  area  of  the  equatorial  plate,  i.e.,  whether  the  chromosomes  are 
crowded  or  not. 

R.i..    CTTOLOQY.  ' 
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The  first  condition  determines  the  rigidity  of  the  combination, 
for  multivalents  with  interstitial  chiasmata  seem  to  be  less  pliable 


I 


Fig.  43. — Diagram  showing  the  division  of  trivalents  in  Hyacinihus. 
Ai  and  B^,  metaphase  ;  Ag,  Bg  and  B3  the  anaphase  forms  to 
which  they  give  rise.  A  divides  into  2  -|-  i,  B  divides  into 
i^  -f  i^.  Arrows  mark  the  positions  of  centromeres  which  are 
median.  Note  :  (i)  The  chromatids  are  pulled  apart  distal  to  the 
chiasmata.  (ii)  Where,  as  in  Bg,  the  chromatids  of  one  chromo- 
some are  pulled  in  opposite  directions,  they  are  held  together  at 
the  centromere,  (iii)  The  centromere  of  a  single  chromatid  is 
pulled  back  in  B3,  where  it  is  associated  with  a  chromatid  of  a 
whole  chromosome.  (After  D.,  1929  b.  Aj,  Fig.  34  f  ;  Aj, 
Fig.  36  b  and  38  ;   B^,  Fig.  34  r  ;   Bg,  Fig.  36  n  ;    B3,  Fig.  39). 

N.B.  Fig.  Bg  shows  that  the  holding  together  of  the 
chromatids  at  the  centromere  is  something  essentially  different 
from  their  attraction  to  one  another  in  pairs  elsewhere.  This 
difference  is  probably  described  by  saying  that  the  centromere 
has  not  yet  divided  and  the  separation  of  the  chromatids  waits 
upon  its  division. 

than  those  with  only  terminal  chiasmata,  and  for  two  reasons  : 
the  distance  separating  the  centromeres  of  the  associated  chromo- 
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somes  is  shorter,  and  the  cross-arms  of  an  interstitial  chiasma 
strengthen  the  connection  while  a  terminal  chiasma  opposes  the 
minimum  resistance  to  any  kind  of  torsion.  The  rigidity  of  a 
configuration  with  interstitial  chiasmata  is  necessarily  three- 
dimensional,  that  in  one  with  only  terminal  chiasmata  is  two- 
dimensional  (v.  Ch.  XII). 

The  second  condition  determines  whether  or  not  the  multivalent 
is  physically  capable  of  K'ing  in  one  axis,  as  does  a  bivalent.  The 
third  determines  whether  there  is  room  for  the  chromosomes  to  lie 
transversely  across  the  plate,  as  is  necessary  if  each  is  to  separate  or 
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Fig.  44. — Different  methods  of  co-orientation  in  trivalents  (linear, 
L ;  convergent,  C ;  and  independent,  I)  and  quadrivalents 
(parallel,  P,  and  discordant,  D).  In  Dg  the  two  loops  are  at  right 
angles. 

"  disjoin  "  (to  use  a  common  phrase)  from  the  one  with  which  it  is 
associated. 

From   the   operation   of   these   different   factors   the   following 
variations  may  be  observed  : — 

(i)  The   several  centromeres   may  have   one   of  four   different 
relationships  with  one  another  (c/.  D.,  1936). 

{a)  Linear  :    all  the  centromeres  lie  in  one  spindle-axis.     If  this 
axis  is  near  the  side  of  the  spindle  it  is  arc-shaped,  so  that 
the  centromeres  do  not  lie  in  a  straight  line. 
(6)  Parallel :  pairs  of  centromeres,  where  there  are  four  or  more, 

lie  on  parallel  and  independent  axes, 
(c)  Convergent :    two  centromeres  are  lying  axially  with  respect 
to  a  third  and  lie  therefore  on  axes  which  converge. 

5—2 
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(d)  Indifferent :  one  centromere  lies  indifferently  with  respect  to 
the  others. 

(ii)  Each  of  the  chromosomes  may  disjoin  from  those  with 
which  it  is  directly  associated  (provided  it  is  not  directly  associated 
with  more  than  two),  or  it  may  pass  to  the  same  pole  with  one  or 
more  of  them. 

(iii)  Where  an  even  number  of  chromosomes  are  associated  the 
multivalents  may  divide  evenly  or  unevenly  ;  thus  four  chromo- 
somes may  divide  into  two  and  two  or  into  three  and  one.  In  this 
way  great  differences  may  occur  between  the  numbers  of  chromo- 
somes in  the  two  daughter-nuclei,  Prunus  cerasus  (^x)  gave  excep- 
tionally a  distribution  of  19  +  13  (Plate  V).  Similarly,  tetraploid 
Datura  (Belling  and  Blakeslee,  1924  b)  and  Primula  sinensis  (D., 
1931)  give  germ-cells  with  unequal  numbers  of  chromosomes 
(cf.  Levan,  1933  «)• 

(iv)  Where  an  odd  number  of  chromosomes  are  associated  whole 
chromosomes  may  separate  to  the  poles,  or  one  of  the  component 
chromosomes  may  be  left  on  the  equator,  and,  after  an  interval, 
divide,  the  halves  passing  to  opposite  poles  after  the  whole  chromo- 
somes. They  then  pass  at  random  to  one  pole  or  the  other  in  the 
second  division  or  are  lost.  In  triploids,  therefore,  germ-cells  are 
formed  with  an  approximately  random  distribution  of  the  chromo- 
somes in  the  third  set.  This  has  been  achieved  by  the  random 
distribution,  either  of  univalents  (or  odd  members  of  trivalents)  at 
the  first  division,  or  of  daughter  univalents  (or  odd  members  of 
trivalents)  at  the  second  division  (v.  Ch.  VIII).  The  detailed 
behaviour  of  unpaired  chromosomes  will  be  considered  later. 

Where  associated  chromosomes  pass  to  the  same  pole,  all  trace 
of  their  association  is  lost  at  the  second  division  if  an  interphase 
occurs  (e.g.,  in  Hyacinthus,  -^x  ;  D.,  1929  h).  The  second  division 
is  therefore  normal  apart  from  such  a  difference  as  there  may  be 
between  the  numbers  of  chromosomes  in  the  two  daughter-nuclei. 

5.     THE   CONDITIONS   OF   MEIOSIS 
We  are  now  in  a  position   to  ask  ourselves  what   conditions 
distinguish  meiosis  from  an  ordinary  mitotic  division.     Do  new 
forces  come  into  play  to  produce  a  pairing  of  homologous  chromo- 


PRECOCITY  THEORY 


133 


O    0) 


o  c!   C 
W)  >  o 


o 


c3 


o.a 


.22  4J 
O  -t-> 


C 
C  a;  o  -»-> 


03 


.2  "^'^ 

e 


rt  ^  g  O 

£   03  O  t^ 

;-<   o  ih 

M  O  w  c3  g  g-^ 
w  a;  1^  '^ 


Sw 
03 

P.' 

o3 


O   d 


<V 


bo 

o 


o3 
T3   w 


CO 

0^ 


a^  o  o  Q 

d    d    "5    S 


o3 


Cfl 


(^«^ 


03 


o3  cn.a 


8.y  • 

o    ^    « 


4)    P 


i«   O  <1>P<C   "^ 

^  S  ^     ^^ 

'3     •   Outs 
.,  .&•  O  "^   ct3   c«   O   CO 

VH-2  243  o-g      o. 
c3  ^  «  bx)-n  >^-2  « 

03  ^  o  .5  -^^  '7^  03  ^ 


'^  •l=f' O    -    S   d  .2   <* 
•Tl  -H  "^   c2   fl  — 


a  as 


•-  .S  S  'fe  c  2  Jn 
-M-^  «  ?  5  Ct  « 


^   >"   C   fl   ^ 

5  p  l3  -"H  > 

p 
u 


G.2  fl-P^S-a 


d 

75  +»    CO 

^   3    <U 

bo 


p^ 


O  -M    CO 


"^  3   fi 

^03.5 

6 


^      CO    > 

bo  >  ?   W 

a  Is- 

bo^  P  rt 


somes  instead  of  their  simple  division  ?  Or  are  the  same  forces 
working  in  a  new  combination  or  in  a  different  sequence  to  produce 
this  exceptional  result  ? 
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Consider  first  mitosis.  The  chromosomes  then  consist  throughout 
prophase  of  pairs  of  chromatids  which  appear  to  attract  one  another. 
Each  chromosome  has  a  centromere  which  is  effectively  single  at 
metaphase  and  effectively  double  at  anaphase.  Its  division  seems 
to  determine  the  separation  of  daughter  chromatids. 

At  meiosis,  on  the  other  hand,  the  chromosomes  are  single  at  the 
earliest  prophase.  They  unite  in  pairs,  however  many  potential 
partners  are  present.  This  union  ceases  when  they  divide.  Asso- 
ciation afterwards  is  between  pairs  of  chromatids,  and  chromosomes 
repel  one  another.  They  are  held  together  merely  in  so  far  as  their 
chromatids  exchange  partners  at  chiasmata.  Moreover,  if  they 
happen  to  divide  before  pairing  is  complete,  the  process  is  inter- 
rupted.    There  is  a  time  limit  to  pairing. 

There  is  therefore  potential  association  at  all  stages  of  meiosis 
of  pairs  of  threads — chromosomes  or  chromatids.  The  same  is 
true  of  mitosis.  The  difference  is  that  the  prophase  begins  earlier 
in  meiosis.  The  chromosomes  are  still  undivided.  Homologous 
threads  attract  one  another  and  pairing  is  possible  for  a  short  time 
before  division  takes  place.  The  special  properties  of  meiosis 
follow  from  the  precocity  of  the  prophase  and  not  from  the  action 
of  new  forces.  The  external  and  internal  processes  of  division 
are,  as  we  saw  earlier,  out  of  step. 

From  this  initial  upset  arise  the  later  special  properties  of  meiosis, 
the  pairing  of  the  chromosomes,  their  crossing-over,  their  specially 
strong  contraction  at  metaphase,  the  postponement  of  the  splitting 
of  the  centromere  to  the  second  division  ;  and  possibly  the  rapid 
sequence  of  the  two  divisions.  A  simple  quantitative  time-difference 
gives  rise  to  the  complex  series  of  qualitative  differences  that 
distinguish  meiosis  from  mitosis  and  have  determined  the  origin  of 
sexual  reproduction. 


CHAPTER  V 

STRUCTURAL  HYBRIDS 

Definition  and  Classification  of  Hybrids — Structural  Hybrids — Fragments— 
Translocation  and  Interchange  Heterozygotes — Unequal  Chromosome  Pairs. 

So  wenig  man  eine  scharfe  Unterscheidungslinie  zwischen  Species  und 
Varietaten  zu  ziehen  vermag,  ebenso  wenig  ist  es  bis  jetzt  gelungen  einen 
griindlichen  Unterschied  zwischen  den  Hybriden  der  Species  und  Varietaten 
aufzustellen. 

Mendel,  1866. 

I.    CLASSIFICATION  BY  FUNCTION 

The  systematist  recognises  a  hybrid  as  an  individual  or  type 
intermediate  between  two  species,  and  he  assumes  it  to  be  either  a 
first  cross  or  a  derivative  of  a  first  cross.  The  geneticist's  definition 
of  a  hybrid,  which  he  owes  to  Mendel,  is  entirely  different.  On  the 
one  hand,  he  cannot  draw  a  sharp  line  between  species-differences 
and  varietal  differences,  because  he  finds  they  are  of  the  same 
kinds  and  differ  only  in  degree.  Even  in  regard  to  inter-sterility, 
every  gradation  occurs  between  those  pairs  of  species  which  are 
prevented  from  crossing  in  nature  merely  by  incidental  conditions 
and  those  which  may  be  assumed  to  be  intersterile  under  any 
conditions.  For  the  geneticist,  therefore,  any  cross  between  dis- 
similar races  must  be  a  hybrid,  however  slight  their  differences. 
On  the  other  hand,  the  geneticist  makes  a  sharp  distinction  between 
the  first  cross  [F-^)  and  its  derivatives,  because  the  first  cross  is 
capable  of  showing  segregation  of  the  parental  differences  in  its 
offspring,  while  its  derivatives  need  no  longer  have  these  differences. 
An  intermediate  character  is  therefore  for  him  no  criterion  of 
hybridity. 

And  finally  the  geneticist  is  not  concerned  with  the  difference 
between  the  parental  zygotes  but  with  that  between  the  gametes 
which  actually  fused  to  make  the  hybrid  or  which  are  formed  at 
meiosis  in  the  hybrid.    We  define  hybridity  by  function  and  not  by 
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phylogeny.  Thus  it  may  happen  that  a  cross  between  two  dis- 
similar zygotes,  if  these  were  themselves  hybrids,  is  constituted  of 
two  gametes  that  are  identical ;  speaking  in  mendehan  terms, 
Aabb  and  aaBb  differ,  but  may  give  homozygous  offspring  aahh. 
Hence  it  may  happen  that  a  first  cross  between  two  taxonomic 
species  in  (Enothera  is  less  hybrid  than  its  parents,  and  derivatives 
of  such  hybrids  have  been  obtained  which  constitute  pure  Unes  in 
the  strictest  sense  (Ch.  IX). 

A  hybrid  (or  heterozygote)  must  therefore  be  defined  as  a  zygote 
which  either  arises  from  the  union  of  dissimilar  gametes,  or  gives  rise 
to  dissimilar  gametes  (regularty,  i.e.,  apart  from  mutation).  For 
most  purposes  it  will  be  found  that  these  alternatives  lead  to  the 
same  result,  and  the  second  can  be  ignored  except  in  relation  to 
polyploids,  in  which  hybridity  requires  special  consideration, 
l^olyploids  have  chromosome  sets  corresponding  with  those  of  more 
than  two  ancestral  gametes,  and  are  capable  of  functional  relations 
with  one  another,  so  that  a  simple  definition  of  hybridity  is  there- 
fore inapplicable  to  them. 

Hybrids  have  very  generally  the  property  of  hj^brid  vigour  or 
"  heterosis  "  which  is  sometimes  due  to  the  normal  allelomorphs  of 
depressive  factors  accumulated  in  their  more  homozygous  parents 
and  sometimes,  perhaps,  to  an  inherent  virtue  in  the  possession  of  a 
single  dose  of  material  in  which  the  parents  differ.  Hybrids,  both 
in  plants  and  animals,  are  liable  to  abnormality,  which  is  due  to 
their  having  a  new  and  untried  hereditary  complement.  This 
liabilit}^  is  found  in  an  exaggerated  degree  in  one  sex  (the 
heterozygous  sex)  where  the  sexes  are  differentiated  (Haldane, 
1922)  because  the  normal  chromosome  set  of  one  species  is  not 
wholly  represented  in  the  hybrid  and  the  deficiency  may  not  be 
made  up  from  the  other.  It  may  be  said  that  the  heterozygous 
sex  in  an  animal  hybrid  is  not  strictly  an  F^  hybrid  at  all,  since  it 
differs  from  the  hybrid  of  the  homozygous  sex  through  the  hybridity 
of  one  of  its  parents.  Its  properties  are  not  therefore  the  char- 
acteristic properties  of  F^  hybrids.  They  are  incidental  to  special 
genetic  conditions. 

The  characteristic  properties  of  hybrids  depend,  therefore,  not  on 
the  properties  of  the  parents,  but  on  the  differences  between  these 
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properties  which  are  seen,  first,  in  the  relation  of  the  corresponding 
genetic  elements  at  meiosis  and,  secondly,  in  the  differences  between 
their  offspring.  The  study  of  meiosis  in  non-hybrid  forms  and 
the  variations  already  seen  at  mitosis  enable  one  to  classify  hybrids 
and  predict  the  kind  of  chromosome  pairing  that  will  be  found  in 
each  class,  as  follows.  (The  term  "  hybrid  "  is  used  here  for  the 
broader  classes  and  the  term  "  heterozygote  "  for  the  individual 
categories  discussed  later). 

(i)  Numerical  Hybrids.  The  zygote  is  derived  from  the  union 
of  gametes  dissimilar  in  regard  to  the  number  of  their  chromosomes. 
Trisomic  and  triploid  organisms  which  owe  their  origin  simply  to 
the  reduplication  of  one  or  more  chromosomes  in  one  of  the  gametes 
are  the  simplest  of  this  kind.  It  is  irrelevant  to  the  consideration 
of  their  properties  at  meiosis  whether  they  result  from  mitotic  or 
meiotic  irregularities.  The  behaviour  of  these  hybrids  at  meiosis 
has  already  been  considered. 

(ii)  Structural  Hybrids.  The  zygote  is  derived  from  the 
union  of  gametes  dissimilar  in  regard  to  the  structure  of  their 
chromosomes,  i.e.,  the  linear  arrangement  of  their  chromomeres  or 
genes.  The  change  in  structure  may  also  involve  a  change  in 
number,  as  in  fragmentation.  From  what  we  know  of  the  pairing 
of  chromosomes  in  polyploids  we  can  predict  that  the  chromosomes 
of  these  hybrids  will  pair  according  to  the  relationships  of  their 
parts,  subject  to  these  parts  being  long  enough  to  allow  of  their 
occasionally  pairing  at  pachytene  and  forming  a  chiasma  in  the 
length  paired. 

(iii)  Undefined  Structural  Hybrids.  The  zygote  is  derived 
from  the  union  of  gametes  dissimilar  as  a  result  of  changes  which 
cannot  be  dehned.  In  this  class  may  be  considered  those  whose 
parental  gametes  either  had  the  same  number  of  chromosomes  or  a 
different  number,  through  a  change  that  cannot  be  identified. 
These  hybrids  may  be  said  to  be  "  undefined  "  simply  because  the 
structural  differences  between  their  chromosomes  are  too  slight  or 
too  numerous  to  be  readily  detected.  We  then  find  three  types 
of  behaviour  in  this  kind  of  hybrid  at  the  first  metaphase  of  meiosis, 
according  to  the  frequency  of  differences  between  the  chromosomes  : 
(i)  Normal  behaviour  owing  to  the  differences  being  too  slight  to 
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have  a  recognisable  effect  in  reducing  pachytene  pairing  and 
chiasma  formation,  (ii)  A  reduction  in  the  frequency  of  chiasmata 
with  or  without  occasional  failure  of  pairing  of  the  chromosomes. 
This  failure  always  shows  a  curve  of  variation  similar  to  that  of 
chiasma-formation.  (iii)  A  reduction  of  chiasma-frequency  to  such 
a  point  that  pairing  fails  entirely  or  almost  entirely. 

(iv)  Complex  Hybrids.  Another  class  of  hybrids  occurs  in 
which  the  differences  can  be  partly  defined.  Amongst  these  are 
the  complex  ring-forming  and  sex  heterozygotes  which  form 
permanent  self-reproducing  types.  Interchange,  translocation  and 
deficiency  can  often  be  inferred  in  them,  but  together  with  such 
changes  others  occur  that  can  be  located  but  not  defined  {v.  Ch.  XI). 

(v)  Polyploid  Hybrids  (species  or  true-breeding  varieties). 
The  zygote  is  derived  from  the  union  of  identical  polyploid  gametes, 
each  of  which  is  derived  ultimately  from  the  union  of  dissimilar 
haploid  gametes  in  an  ancestor.  These  hybrids  are  effective^ 
true-breeding  when  they  have  an  even  number  of  sets  owing  to  the 
pairing  and  segregation  of  identical  chromosomes  derived  from 
opposite  immediate  parents.  In  this  case  they  are  functionally 
diploid.  But  they  are  also  liable  to  jdeld  segregates  owing  to  the 
occasional  pairing  of  dissimilar  chromosomes  derived  from  their 
ultimate  diploid  parents  (v.  Ch.  VII). 

(vi)  Numerical-Structural  Hybrids.  All  types  of  cytologically 
observable  hybridity  may  occur  in  the  same  organism,  e.g.,  in 
triploid  (Enothera  (Catcheside,  1931  a),  Triticum  (Kihara  and  Nishi- 
yama,  1930  ;  Mather,  1935),  and  Avena  (Nishiyama,  1929),  and  in 
trisomic  Datura  (Belling,  1927  h).  These  will  be  considered  in 
relation  to  structural  hybrids. 

(vii)  Mendelian  Hybrids  [sensit  strido).  Where  a  difference, 
which  might  be  empirically  described  as  a  mendelian  difference  or 
group  of  differences,  can  be  described  directly  in  chromosome  terms 
(as  in  the  case  of  the  trabant  of  Matthiola  or  the  properties  of 
ring-formation  in  various  genera),  it  is  no  longer  convenient  to 
speak  of  it  in  mendelian  terms  any  more  than  it  is  convenient  to 
speak  of  "  mutation "  where  the  change  can  be  defined  as 
translocation  or  inversion.  It  therefore  follows  that  mendelian 
differences  for  the  cytologist  are  those  which  show  segregation 
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(and,  as  we  shall  see  later,  linkage)  but  have  no  recognisable  effect 
on  chromosome  behaviour.  Probably  most  factor  differences 
such  as  those  found  in  Drosophila  have  a  negligible  effect  on  the 
pairing  of  the  affected  chromosomes.  There  is  no  evidence  to  the 
contrary,  and  in  recent  experiments  in  which  wild  type  and  mutant 
Drosophila  have  been  compared  genetically  they  show  no  difference 
in  the  frequency  or  distribution  of  crossing-over  (Redfield,  1930) 
(v.  Ch.  VII).  It  will  be  seen,  therefore,  that  cytological  observations 
show  many  large  differences,  as  in  triploidy,  which  are  incapable  of 
mendelian  analysis,  while  mendelian  analysis  shows  many  differences 
which  are  small  in  origin  and  incapable  of  cytological  analysis. 
The  visible  spectra  of  variation  shown  by  the  two  methods  have 
different  ranges  which  reveal  two  different  aspects  of  the  problem  of 
variation. 


2.    MEIOSIS   IN   STRUCTURAL    HYBRIDS 

(i)  Method  of  Analysis.  The  conclusion  has  been  reached  that 
only  identical  blocks  or  segments  of  chromomeres  can  pair  at 
pachytene  and  form  chiasmata  which  keep  the  chromosomes 
associated  or  "  paired "  at  metaphase.  On  this  assumption 
structural  hybrids  may  be  analysed.  The  differences  between 
their  chromosomes  may  be  defined  and  hence  the  simple  changes 
that  have  given  rise  to  these  differences  specified. 

Where  terminalisation  is  complete  in  the  organisms  that  have 
been  studied  from  this  point  of  view,  the  earlier  association  at 
pachytene,  which  is  the  characteristic  of  most  importance,  is  only 
shown  at  metaphase  by  an  association  of  the  ends  of  the  chromo- 
somes. This  association  arises,  however,  in  the  ordinary  way,  as 
has  been  shown  in  particular  cases  {v.  infra). 

Where,  in  a  diploid  structural  hybrid,  several  chromosomes 
are  associated  at  meiosis  it  is  better  to  speak  of  the  configuration 
as  a  "  group  of  three  "  or  a  "  ring  of  four,"  reserving  the  terms 
trivalent,  quadrivalent,  and  so  on,  for  associations  of  homologous 
chromosomes  in  which  every  segment  is  represented  as  many  times 
as  there  are  chromosomes  concerned. 

(ii)  Fragmentation  and  Fusion  Heterozygotes.    The  simplest  kind 
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of  structural  hybrid  is  that  resulting  from  the  union  of  gametes 
which  differ  merely  in  one  of  them  having  two  chromosomes 
corresponding  to  two  parts  of  one  chromosome  in  the  other.  The 
difference  arises  presumably  from  an  unequal  interchange  followed 
by  loss  of  the  smaller  product,  having  the  effect  of  fusion  or  followed 
by  reduplication  of  the  smaller  participant  having  the  effect  of 
fragmentation  (Fig.  i6o).  Such  an  organism  may  be  described  as  a 
fragmentation  heterozygote  and  has  been  found  in  nature,  and 
produced  by  crossing  different  races,  in  Phragmatobia  fuliginosa 
(Seiler,  1925  ;  cf.  Ch.  XIII).  The  hybrid  has  regular  pairing  at 
metaphase  of  the  two  smaller  chromosomes  with  ends  of  the  large 
one.  As  a  rule  they  pass  to  the  opposite  pole  from  it  at  the  first 
division,  but  occasionally  the  smaller  of  the  two  fragments  passes 
to  the  same  pole  with  the  large  chromosome.  The  association  is 
thus  liable  to  the  same  kinds  of  variations  of  distribution  resulting 
from  linear  and  convergent  arrangement  as  are  trivalents  formed 
from  three  identical  chromosomes  (Plate  VI). 

The  hybrid  Victa  sativa  X  V.  amphicarpa  (Sveshnikova,  1929, 
a  and  h)  behaves  similarly  ;  two  chromosomes  of  the  first  species 
are  evidently  derived  from  one  that  is  represented  in  the  second. 
They  sometimes  both  pair  at  metaphase  with  the  corresponding 
parts  of  the  larger  homologue,  and  sometimes  one  of  them 
fails  to  pair.  It  is  apparently  too  short  to  establish  a  chiasma 
regularly. 

The  pairing  in  a  cross  between  the  domesticated  silkworm 
(Bomhyx  mori,  n  =  28)  and  its  wild  relative  {B.  mandarina,  n  =  27) 
probably  shows  the  same  relationship,  but  one  of  the  small  chromo- 
somes is  sometimes  paired  by  a  lateral  chiasma  with  the  large  one 
(Kawaguchi,  1928). 

Fusion  heterozygotes  have  been  found  by  McClung  (1905,  1917) 
in  Hesperotettix  and  Mermiria,  and  by  Woolsey  (1915)  and  Robertson 
(1916)  in  Jamaicana  subguttata.  In  the  former  a  chromosome 
which  is  found  unpaired  in  the  males  (the  sex  chromosome)  is  fused 
with  one  of  the  other  chromosomes.  This  other  chromosome  pairs 
normally  with  its  mate,  while  the  fused  element,  still  attached,  is  as 
usual  unpaired  (Fig.  46,  c). 

A  hybrid  between  species  of  Dicranura  (Lepidoptera)  with  21  and 
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Fig.  46. — Permanent  fusion  of  chromosomes  shown  by  differences 
between  Hesperotettix  hrevipennis  {A)  and  different  races  of  H. 
viridis  [B-E).  The  complements  shown  are  those  of  males  and 
have  a  single  unpaired  sex  chromosome  {X,  or  No.  4,  v.  Ch.  IX). 
A-D,  mitosis,  polar  view. 


A, 


all    chromosomes    have    terminal    centro- 


2w  =  23  ; 
meres. 

B  and  C,  2n  =  20  ;   three  pairs  of  non-homologous  chromo- 
somes have  fused  and  have  median  centromeres. 

(In  B,  X  and  9,  11  and  12,  both  pairs ;  in  C,  9  and  10,  11  and 
12,  both  pairs.) 

D,  2w  =  21  ;   two  pairs  have  fused. 

E.  First  metaphase  of  meiosis  in  side  view  ;  chromosomes 
drawn  separately,  a.  The  same  type  as  A.  b,  2n  =  22,  X  fused 
with  12.  c.  The  same  type  as  B.  d,  2n  =  19.  9  fused  with  10 
and  II  with  12.  All  these  are  examples  of  fusion-homozygotes 
except  in  regard  to  the  unpaired  X-chromosome  which  necessarily 
gives  heterozygotes  in  the  male.     (From  ]\IcClung,  191 7.) 
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29  chromosomes  is  probably  a  fusion  or  fragmentation  heterozygote, 
and  consequently  has  pairing  of  groups  of  chromosomes  (Federley, 

1915). 
The  most  general  type  of  fragmentation  heterozygote  is  that  in 

which  one  (usually  the  smaller)  product  of  fragmentation  is  present 

as   a   supernumerary   or   reduplicated   chromosome,   so   that   the 

organism  is  polysomic  in  respect  of  the  segment  concerned.     This 


Fig.  47. — :First  metaphase  in  Tradescantia  virginiana  {^x  =  24). 
a,  an  exceptional  interstitial  chiasma  in  a  group  of  four  chromo- 
somes, due  to  arrest  of  terminalisation  by  change  of  homology, 
cf.  Ch.  XII.  h,  a  normal  quadrivalent  held  together  by  a 
quadruple  chiasma.  c,  an  association  of  six  major  chromosomes, 
and  three  homologous  fragments  (in  black),  two  of  them  asso- 
ciated by  lateral  chiasmata  at  corresponding  points  in  the 
major  chromosomes.  There  is  again  an  exceptional  interstitial 
chiasma  between  two  major  chromosomes.  X  2400.  (After 
D.,  1929  c.) 


condition  was  first  shown  in  Metapodiiis,  Diahrotica  and  other 
Hemiptera  {Wilson,  1905,  a  and  h,  1909).  In  another  hemipteran 
(Alydtis,  Renter,  1930)  supernumeraries  occur,  one  of  which  is 
homologous  with  a  part  of  a  larger  one,  while  both  must  be 
homologous  with  part  of  the  sex  chromosome,  since  all  three  may 
pair. 

Recently    large    numbers    of    plants    have    been    found    with 
supernumerary  fragments  {v.  Ch.  Ill),  and  their  pairing  has  been 
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studied  at  meiosis  in  many  of  them  (Table  17).     It  has  the  following 
characteristics. 

(a)  In  an  organism  with  negligible  terminahsation  in  the  major 
chromosomes,  the  fragments  are  always  associated  terminally  (e.g., 
Fntillaria  and  Lilium).     Thus  three  homologous  fragments  may 


Fig,  48. — Mitotic  metaphase  in  polar  view  in  a  clone  of  Fritillaria 
imperialis  with  six  fragments  {2n  =  24  +  6ff).  These  are 
probably  present  along  with  the  unfragmented  sister  chromo- 
somes of  those  from  which  they  are  derived  and  are  therefore 
reduplications.  The  chromosomes  have  been  spread  out  in 
drawing  ;  those  with  median  centric  constriction  are  marked  M, 
Cf.  Fig.  95.      X  2200  (from  D.,  1930  c). 


form  a  triple  chiasma  before  diakinesis.  This  indicates  that  slight 
movement  of  chiasmata  occurs,  and  is  noticed  in  the  larger  chromo- 
somes which  are  nine  times  as  long  only  by  their  distal  chiasmata 
becoming  terminal  {cf.  Ch.  XII). 

(h)  The  fragment  is  usually  associated  at  one  end  only,  in  organisms 
with  complete  terminahsation,  although  the  major  chromosomes  are 
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associated  at  both  ends  {e.g.,  Tradescantta,  D.,  1929  c  ;  and  Datura, 
Blakeslee,  193 1).  This  is  due  to  the  fragment  usually,  on  account 
of  its  shorter  length,  forming  only  one  chiasma  at  prophase. 

(c)  Where  the  fragment  corresponds  to  an  intercalary  part  of  a 
major  chromosome,  it  forms  a  lateral  chiasma,  after  terminalisation, 
with  the  part  of  the  major  chromosome  with  which  it  is  homologous 
{Tradescantta,  Fritillaria,  Aucttba,  Lilium,  cf.  Figs.  38,  39,  74  and  80, 
and  Plate  IV). 

{d)  Fragments  which  are  a  small  fraction  of  the  length  of  the  large 
chromosomes  fail  to  pair  in  a  proportion  of  cases.  This  failure  is 
expected  in  organisms  with  a  chiasma  frequency  proportional  to  the 
lengths  of  the  chromosomes,  since  the  frequency  of  the  chiasmata 
will  be  less  in  the  short  new  chromosomes  than  in  the  old  larger 
ones,  and  they  will  therefore  fail  to  form  chiasmata  and  associate 
at  metaphase,  although  doubtless  associated  earlier  like  the  unpaired 
third  chromosomes  of  triploids. 

The  frequency  of  their  pairing  will  be  predictable  within  limits, 
on  this  assumption,  when  three  conditions  are  determined  :  (i)  the 
chiasma  frequency  of  the  major  chromosomes  ;  (ii)  the  relative 
length  of  the  fragments  ;  and  (iii)  the  "  condition  "  of  the  fragments, 
i.e.,  whether  the  fragments  correspond  to  parts  of  the  major 
chromosomes  and  whether  they  are  in  themselves  disomic,  trisomic, 
and  so  on. 

The  limits  to  exact  prediction  are  set,  first,  by  our  not  knowing 
whether  pachytene  association  is  hindered,  on  the  one  hand,  by  the 
difficulty  of  exceptionally  small  chromosomes  finding  one  another 
during  pairing  at  zygotene  and  consequently  being  interrupted  by 
the  time  limit,  or  facilitated,  on  the  other  hand,  by  their  freer  move- 
ment. In  organisms  with  a  wide  size  range  in  their  normal  comple- 
ment and  non-localised  chiasmata,  the  evidence  favours  the  second 
view,  for  although  pairing  is  regular  for  long  and  short  chromosomes 
alike,  the  shorter  chromosomes  usually  have,  as  we  saw  earlier,  a 
higher  chiasma-frequency  relative  to  their  length.  Secondly, 
limits  to  exactness  are  set  by  our  not  knowing  the  frequency  with 
which  two  chiasmata  will  be  formed  in  any  given  fragment.  A 
high  variance  is  taken  to  mean  a  low  interference  {q.v.)  and  will 
reduce  the  frequency  of  association  {cf.  D.,  1933,  on  Secale). 
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Table  i6 

Examples  of  Supernumerary  Fragment  Chromosomes. 

.  Animals. 
(i)  Apparently  derived  from  Y  chromosomes  and  inert. 
Metapodins  {1-6  jf),  Diabrotica,  Banasa     Wilson,  1905,  1909.  1928. 
Alydus     ...... 

Blaps  lusitanica  .... 

(ii)  Apparently  derived  from  autosomes. 
Tettigidea  parvipennis 
Locusta  danica  (23  -f-  1-4  ff)  (^equalin 
size  to  the  smallest  members  of  the 
complement).  .... 

Aleurodes  proletella    .... 

Philosamia  cynthia    .... 


B. 


Reuter,  1930. 
Nonidez,  1920. 

Robertson,  191 6. 


Itoh,  1934. 
Thomsen,  1927. 
Dederer,  1928. 


Plants. 
(i)  Dicotyledons. 

Rumex  acetosa  (14  +  T-Sff) 

Thalictrum  aquilegifolium  . 

Ranunculus  acris  (14  +  3-T-O  ff) 

R.  Ficaria  *  (16  +  4  j5^) 

Rosa  pyr  if  era  {1^  -\-  2ff)    . 

Primula  spp.     .... 

Alectorolophus     (Rhinanihus)     major 
(i4  +  8#)     .... 

Datura  Stramonium  (24  +  2  j^)  . 

Solanum  Lycopersicum  (24  -\-  2  ff) 

Crepis  tectorum  (8  +/) 


C.  syriaca  ^  (10  +  0-8  jf) 


f) 


Hieracium  umhellatum  (27  - 
Leontodon  hispidus  (14  +/) 
(ii)  Monocotyledons . 
Lilium  Henryi,  etc.  (24  -{-  2  jf) 
Fritillaria  imperialis  ^,  ^,  *  (24  +  i-6j5f) 
F.  obliqua,  etc.  (24  -\-  2  jf) 
Allium. allegheniense,  etc.  (14  +/) 
Tulipa  galatica  and   hybrids  ^,   ^, 

(24  +  1-19  ff) 
Naias  marina   .... 
Crocus  hyemalis  {6  -\-  ^ff) 
Spironema  fragrans  (12  +/) 
Tradescantia  virginiana  ^,    ', 

(24  +  1-6  ff). 
T.  bracteata  (12  +/) 
Secale  cereale  ^,  *  (14  +  1-4^)     • 

Zea  Mays  ^,  ^,  *  (20  +  1-25  ff)    . 

Paspalum  stoloniferum  (20  -\-  3Jf) 
Poa  pratensis  (67  -\-  2  ff)    . 
Alopecurus  pratensis  (28  +  2  ff) 
Festuca  pratensis  *  (14  +  i~5  jf) 


Ono,  1935  ;   Yamamoto,  1933. 

Langlet,  1927. 

Langlet,  1927. 

Larter,  1932. 

Erlanson,  1933. 

Bruun,  1932. 

Fagerlind,  1936. 
Blakeslee,  1931. 
Lesleys,  1929. 
Navashin,  1926. 
Cameron,  1934. 
Bergman,  1934. 
Bergman,  1935. 

Mather,  1935. 
D.,  1929  c,  1930  c. 
D.,  1936^. 
Levan,  1932. 

Upcott,  unpub. 
Winge,  1925. 
Mather,  1932. 
Richardson,  1934. 


D.,  1929  c. 

Gotoh,  1924  ;    Belling,  1925  a  ; 

D..  1933- 
McClintock,    1933    ;      Avdulov, 

1933- 
Avdulov  and  Titova,  1933. 

Rancken,  1934. 
Rancken,  1934. 
Rancken,  1934. 


1  Inert.     ^  Active.     '  Varying  in  number  somatically.     *  Not  always  pairing 
at  meiosis. 
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Avena  sativa  {41  +/) 
Sorghum  verticilliflorum  (20  +  2  //) 
(iii)  Gymnosperms. 

Taxits  canadensis  (24  +  /) 


Nishiyama,  1933. 
Huskins  and  Smith,  1934. 

Dark,  1932. 


Table  17. 

Chiasma  Frequencies  of  Fragments  (calculated  from  metaphase 
pairing  on  the  chiasma  theory  of  pairing,  and  compared  with 
those  of  major  chromosomes,  D.,  1930  c  ;   Phiip  and  Huskins, 

1931). 


Species. 


Fritillariaimperialis 
(i)  "Yellow"    . 
(ii)  "  No.  10  "    . 
(iii)  "  Crown 

upon  Crown" 
Matthiola  incana 
(i)  "  Smooth  "  . 
(ii)   "  Slender  "  . 


Mean  Chiasraa- 

frequency  of  Major 

Chromosomes. 

Proportionate 
Length  of 
Fragment. 

All  stages. 

Metaphase. 

2-58 
4-96 

— 

1/9 
1/9 

4-33 

1/9 

— 

176* 
1.58* 

3/4 

1/2 

Number  of 

Fragments 

(even  or  odd 

multiple). 


6ff. 

3ff(X2/3) 
3ff(X2/3) 


I  f. 
I  f. 


Chiasma-frequency 
of  Fragment. 


Calculated.  Observed 


0-29 

0-37 
0-31 


1-32 
0-75 


0-22 

0-35 
0-23 


078 
0-36 


*  This  frequency  has  been  calculated  from  the  behaviour  of  the  trivalent. 
No  correction  for  reduction  of  chiasma-frequency  in  trivalents  need  therefore 
be  made  for  the  fragments. 

These  sources  of  error  are  not  quantitatively  definite  and  the 
observations  lead  to  the  following  important  conclusions  : — 

(a)  Fragments  fail  to  pair,  as  predicted,  and  this  failure  is 
evidently  due  to  failure  of  chiasmata,  since  clones  of  Fritillaria 
imperialis  with  low  chiasma  frequencies  have  a  lower  frequency 
of  fragment-pairing  than  those  with  a  high  chiasma  frequency. 

(b)  Pachytene  association  of  small  fragments  is  probably  liable  to 
incompleteness,  as  expected,  since  the  frequency  is  always  below 
the  expectation  on  the  assumption  of  completeness.  The  pairing 
expectation  is  exactly  fulfilled  in  Secale,  where  the  fragments  are 
larger.  The  major  chromosomes  have  2-4  chiasmata  per  bivalent, 
the  fragments,  one-third  their  length,  o-8.  Their  pairing  frequency 
is  slightly  less  owing  to  some  fragments  having  two  chiasmata 
(Fig.  49).     In  triploid  Hyacinthus  it  was  inferred  that  chromosomes 


'^•7  3  ,    3,,     ,.,        1.0      L.  2..    2.1      (I.O 

'^*"2.2      2.1      2.2    3.2    3.a  2.i      I..     (2.0 

16.8 

2.1      3.a     2.0    2.1     3.1  2.2    2.i    (!.•) 

17.8  V 

'     3.1     4-4   2.1   3.»     3.1  2  «      -   (2.i) 


1 


#0  Mj( 

4-2        2.»         3.2      4.2      2 

'  '"'         4.2    .       2.2      3.2      2.2     3.2      3..       0.6 

Fig.  49. — Side  view  of  first  metaphases  in  Secale  ceveale  {n  =  7)  with 
one  pair  of  supernumerary  fragments.  Six  different  forms  of 
fragment — pair  depending  on  the  numbers  and  positions  of 
its  chiasmata.  E  and  F,  two  mutant  nuclei  heterozygous  for 
an  interchange.      X  1200  (D.,  1933). 
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which  were  paired  in  part  of  their  length  at  pachytene  might  be 
unpaired  at  metaphase  owing  to  failure  of  any  chiasmata  to  be 
formed.  In  the  fragments  of  Secale  as  well  as  in  the  B  chromosomes 
of  Zea  (Rhoades  and  McClintock,  1935)  there  can  be  no  doubt  that 
this  is  so  (cf.  Erlanson,  1933). 

(c)  Pairing  of  large  chromosomes  with  large  and  fragments  with 
fragments  is  commoner  than  cross-pairing,  except  in  Lilium.  Cross- 
pairing  never  occurs  in  Solanum  (tetrasomic  in  respect  of  the  frag- 
ment). In  Matthiola,  which  is  trisomic,  the  effect  is  still  more 
drastic,  since  the  odd  fragment,  deprived  in  competition  of  a 
partner  amongst  the  large  chromosomes,  is  evidently  often  left  out 
of  association  and  fails  to  reach  two-thirds  of  the  expected  frequency. 
This  indicates  the  importance  of  competition  in  pairing  where  there 
is  a  choice  of  partner  :  those  which  have  the  longest  sequence  of 
homologous  particles  will  pair  disproportionately  often.  This  is 
particularly  important  in  considering  "  differential  affinity "  in 
hybrid  polyploids  (Ch.  VI)  and  (Enothera  (Ch.  IX)  and  pairing  in 
undefined  hybrids. 

(iii)  Translocation  Heterozygotes.  When  a  portion  of  one  chromo- 
some has  been  translocated  to  another  the  heterozygote  shows 
pairing  of  the  corresponding  segments.  If  one  is  terminal  and  the 
other  interstitial,  the  result  is  a  lateral  chiasma.  This  has  been 
observed  in  Tradescantia  virginiana,  Aucuba  japonica  and  a  Viola 
hybrid  (J.  Clausen,  1931  c).  The  special  behaviour  found  in  the 
hybrid  Vicia  saliva  x  V.  angustifolia  dolichosoma  (Sveshnikova, 
1929,  a  and  b)  can  also  be  taken  as  evidence  of  translocation.  An 
open  chain  of  four  chromosomes  is  sometimes  formed  at  meiosis, 
but  more  usually  one  or  more,  sometimes  all,  of  these  appear  as 
univalents.  The  two  chromosomes  may  be  represented  thus : 
abode  and/^  in  one  species,  and  abed  and  e/g  in  the  other.  It  is  to 
be  noted  that  failure  of  pairing  is  particularly  frequent  in  the 
shortest  chromosome  [cf.  Fig.  54). 

(iv)  Reduplication  Heterozygotes.  In  certain  trisomic  individuals 
of  Datura,  the  so-called  "  secondary  trisomies "  (Belling  and 
Blakeslee,  1924  a),  the  extra  chromosome  was  found  to  have  the 
same  pairing  properties  at  its  two  ends.  It  was  therefore  sup- 
posed that  this  chromosome  consisted  of  two  identical  segments 
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united  at  identical  ends,  i.e.,  if  the  parent  chromosome  was  ahcdef 
then  the  new  chromosome  was  abccba.  It  gave  a  series  of  con- 
figurations in  accordance  with  this  assumption.  The  most  interest- 
ing of  these  are  the  ones  in  which  the  two  ends  of  the  same 
chromosome  are  associated,  by  a  terminal  chiasma,  for  they  show 
most  clearly  that  the  chromosome  does  not  behave  as  a  unit  in 
pairing  and  that  pairing  is  not  determined  by  a  difference  in  the 
origin  of  the  mates.  Similar  configurations  have  been  found  in 
trisomic  Matthiola  (Philp  and  Huskins,  1931).     This  condition  has 


Pachyf-ene. 


Diphtene, 


Diskinests. 


Me  tap  h 


ase. 


Fig,  50. — Diagram  showing  the  normal  course  of  chromosome  asso- 
ciation in  a  simple  interchange-heterozygote  of  the  constitution 
AB-BC-CD-DA  (type,  Campanula).  The  A  segments 
form  two  chiasmata  at  diplotene,  the  others  one  chiasma. 
Terminalisation  is  complete  at  diakinesis.  The  arrangement  is 
"  disjunctional "  at  metaphase  ;  circles  denote  the  centro- 
meres.    (From  D.,  1931  c.) 

also  been  shown  in  regard  to  a  small  segment  of  the  chromosome  in 
tetraploid  Aucuba  japonica  (Meurman,  1929  b)  and  Tradescantia 
virginiana. 

(v)  Interchange  Heterozygotes.  In  many  diploid  plants,  both 
natural  races  and  artificial  hybrids  [v.  Table  19)  four,  six  or 
more  chromosomes  instead  of  forming  two,  three  or  more  pairs  at 
meiosis  form  a  single  association.  This  association,  like  those  in 
polyploids,  is  not  constant,  but  is  liable  to  be  replaced  by  smaller 
ones.  Unlike  those  in  polyploids,  however,  it  is  limited  in  its 
variation,  as  all  associations  must  be  in  diploids,  by  the  fact  that 
each  part  of  each  chromosome  has  only  one  possible  partner.     Such 
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variation  as  is  observed  is  due  solely  to  the  failure  of  chiasma 
formation  between  some  of  the  homologous  pairs  of  segments. 

The  simplest  condition  which  can  lead  to  this  behaviour  is  that 
of  a  heterozygote  whose  gametes  contain  chromosomes  that  have 
exchanged  segments.  Thus  if  such  an  exchange  occurs  in  an 
organism  of  constitution  AB,  AB,  CD,  CD  (each  chromosome  can 
be  considered  as  made  up  of  two  segments  when  only  a  single 
structural  change  is  involved)  two  new  chromosome  types  will 
result :  BC  and  DA  (or  BD  and  AC).  The  heterozygote  derived 
from  this  interchange  will  have  the  constitution  AB,  BC,  CD,  DA, 


B 

Fig.  51. — The  development  of  a  ring-of-six  in  a  double  interchange- 
heterozygote  in  Campanula  (of  the  constitution,  AB-BC-CD- 
DE-EF-FA).  A,  diplotene  (with  numbers  of  chiasmata  given). 
B,  diakinesis,  (6)  +  5  (2)  =  16.  X  2500.  (From  Gairdner  and 
D.,  1931.) 

and  pairing  between  all  four  pairs  of  homologous  segments  will  give 
a  ring  of  four  when  the  chiasmata  are  terminal.  Pairing  between 
three  of  them  will  give  a  chain  of  four,  and  between  two  of  them 
either  two  pairs  or  a  chain  of  three  and  a  univalent.  In  this  way 
variations  of  chiasma  formation  will  lead  to  variations  in  the  size 
of  the  association,  even  though  pairing  is  regular  in  the  corresponding 
homozygotes,  because  the  unit  of  pairing  in  this  heterozygote  is  no 
longer  a  whole  chromosome  but  a  segment  equal  to  about  half  a 
chromosome.  The  occurrence  of  an  interchange  of  segments 
between  non-homologous  chromosomes  was  first  inferred  in  trisomic 
forms  of  Datura,  which  will  be  considered  later.     In  a  number  of 
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diploids  with  rings  or  chains  of  chromosomes  the  whole  course  of 
meiosis  and  the  special  genetic  properties  of  the  heterozygote 
produced  have  now  been  determined.  They  may  be  summarised 
as  follows  : — 

(i)  Corresponding  parts  of  the  chromosomes  can  be  seen  to 
associate  in  pairs  at  pachytene,  where  all  of  them  can  be  distinguished 
morphologically.  There  is  an  exchange  of  partner,  where  the 
homology  changes,  like  that  at  pachytene  in  a  tetraploid  but 
obligatory  (McClintock,  1931,  Zea  Mays ;  Levan,  1935,  Allium 
ammophilum) . 

(ii)  Chiasmata  are  formed  at  random  in  the  paired  segments  at 
diplotene  (Gairdner  and  D.,  1931,  Campanula  per sicif olio). 

(iii)  These  may  remain  nearly  stationary  (Pellew  and  Sansome, 
193 1,  Pisum  sativum),  or  they  may  be  terminalised  (Campanula, 
cf.  (Enothera,  Ch.  IX),  in  which  case  a  simple  ring  or  chain  of  chromo- 
somes joined  end  to  end  appears  at  diakinesis  (as  found  in  Datura , 
(Enothera,  etc) 

In  Campanula,  Rhceo  and  CEnothera  unpaired  chromosomes  are 
frequently  found  owing  to  failure  of  association  of  both  their  ends. 
In  Campanula  even  a  ring  of  four  may  be  replaced  by  a  pair  and 
two  univalents,  while  in  Rhceo  and  CEnothera  a  ring  of  twelve  may 
break  up  in  any  of  the  conceivable  ways — into  11  +  i,  10  +  2, 
9  +  3,  etc.,  or  9  +  2  +  I,  7  +  3  +  2,  etc. 

(iv)  The  configuration  arranges  itself  on  the  metaphase  plate 
just  as  a  corresponding  configuration  would  in  a  polyploid.  This 
means  that  the  behaviour  of  the  chromosomes  at  metaphase  is 
directly  determined  by  mechanical  conditions  and  is  not  influenced 
by  genetical  conditions.  Thus  an  association  of  four  in  Pisum  is 
arranged  "  non-disjunctionally  "  in  about  half  the  divisions,  i.e.,  so 
that  chromosomes  with  associated  segments  will  pass  to  the  same 
pole  (Hakansson,  1931  a).  This  is  just  like  a  similar  association  of 
four  with  interstitial  chiasmata  in  a  tetraploid  Hyacinthus. 

A  ring  of  four  in  Campanula,  on  the  other  hand,  arranges  itself 
"  disjunctionally  "  in  about  two-thirds  of  the  divisions,  i.e.,  so  that 
pairs  of  chromosomes  with  associated  segments  pass  to  opposite 
poles  (Fig.  52).  The  same  holds  good  for  a  quadrivalent  in  tetra- 
ploid Primula  sinensis.    The  reason  for  this  difference  of  behaviour 
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is  fairly  evident.  An  association  with  interstitial  chiasmata  is 
relatively  rigid  ;  its  shape  shows  little  variation,  and  is  determined 
by  the  number  and  distribution  of  the  chiasmata.  It  is  a  three- 
dimensional  system.    An  association  with  terminal  chiasmata  is 
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Fig.  52. — Above,  structural  relations  of  homozygotes  and  hetero- 
zygotes  for  different  changes.  Below,  chain  and  ring  formation 
with  different  numbers  of  chiasmata  showing  different  kinds  of 
disjunction. 

extremely  pliable  ;  the  variation  found  in  its  shape  shows  that  (as 
might  be  expected)  any  two  chromosomes  move  freely  in  relation 
to  one  another  unless  they  are  associated  at  hoth  ends.  It  is  a  two- 
dimensional  system.  Forces  of  repulsion  associated  with  the 
centromeres  are  therefore  able  to  effect  regular  disjunction  of  a 
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Meiosis  in  Interchange  Hybrids 

Figs,  i  and  2. — First  metaphase  in  Campanula  persicifolia  {2n  =  16). 
Fig.  I.  Ring  of  four  and  six  pairs.  Fig.  2.  Ring  of  six  and  five 
pairs.     (Gairdner  and  D.,  1931.) 

Figs.  3  and  4. — Metaphase  in  Rhceo  discolor,  rings  of  twelve  chromo- 
somes, showing  non-disjunction  in  side  and  polar  view.  (La  Cour : 
medium  Flemming  —  gentian-violet  smear,  x  2500.) 

Fig.  5. — Normally  segregating  ring  of  chromosomes  at  beginning  of 
first  anaphase  in  (Enothera  muricaia,  five  chromosomes  shown. 

Figs.  6-8. — The  exceptional  occurrence  of  interstitial  chiasmata  in 
(Enothera  biennis  at  metaphase  and  anaphase. 

Fig.  7.  The  critical  "  figure-of-eight  "  configuration.  Fig.  8. 
The  interstitial  chiasma  leads  to  lagging  at  anaphase  [v.  Chap. 
IX).     (From  D.,  1931  d.)      x  6000. 

Figs.  9-11. — The  same  in  Pisum  sativum  with  a  ring  of  six. 
Note  the  critical  chiasma  in  Fig.  10.  (C/.  Text-Figure.  From  E.  R. 
Sansome,  1932.)      x  ca.  3000. 
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ring  with  terminal  chiasmata  although  they  are  powerless  to  distort 
a  configuration  held  together  by  numerous  interstitial  chiasmata. 

It  appears  that  the  proportion  of  non-disjunction  is  usually  about 
30  per  cent,  in  rings  of  12  or  14  chromosomes,  just  as  it  is  in  a  ring 
of  four  or  six  {cf.  Gairdner  and  D.,  1931).  This  suggests  that 
orientation  of  successive  chromosomes  in  the  ring  usually  begins 
at  one  part  of  the  ring,  and  if  begun  disjunctionally  will  proceed 
regularly  along  the  ring  {v.  Ch.  XII). 

(v)  The  genetical  effects  of  non-disjunction  are  important.  A 
ring  of  four  segregates  disjunctionally  to  give  gametes  AB,  CD  and 
BC,  DA,  non-disjunctionally  to  give  AB,  BC  and  CD,  DA.  Although 
in  Zea  and  Pisiim  all  the  disjunctional  products  of  segregation  in 
the  ring  are  viable,  interchange  heterozygotes  are  nevertheless 
semi-sterile.  This  is  due  to  the  non-viability  of  the  50  per  cent,  of 
non-disjunctional  gametes,  which  lack  one  of  the  segments  present 
in  the  parental  complement.  In  Campanula,  where  there  is  less 
non-disjunction,  partial  sterility  of  the  heterozygote  is  due  to  a 
second  cause  as  well,  viz.,  the  non-viability  or  lower  viability  of 
homozygous  segregates.  This  is  the  probable  explanation  of  the 
occurrence  of  the  ring-forming  heterozygote  in  nature,  in  Campanula 
as  well  as  in  (Enothera  :  the  heterozygote  breeds  true  because  the 
homozygotes  are  not  viable. 

(vi)  In  all  interchange  heterozygotes  so  far  found  in  plants  the 
chiasmata  are  usually  formed  in  both  arms  of  the  interchanged 
chromosomes.  In  Trimerotropis  citrina  (Carothers,  1931)  a  ring 
of  four  has  been  found  at  first  metaphase,  which  is  evidently  due  to 
the  individual  being  an  interchange  heterozygote.  But  here  the 
centromeres  are  near  the  ends,  and  when  the  ring  of  four  is  formed 
each  chromosome  has  chiasmata  with  two  other  chromosomes  on 
the  same  side  of  the  centromere.  The  ring  therefore  lies  in  the 
equatorial  plane  and  is  never  disjunctional.  The  significance  of 
this  will  be  considered  later  (Fig.  89,  Ch.  VII). 

(vii)  The  fact  that  interchange  heterozygotes,  having  four,  six  or 
more  chromosomes  in  a  ring  at  meiosis,  occur  in  nature  gives  a  great 
interest  to  the  origin  and  inheritance  of  the  condition.  They  are 
on  our  hypothesis  hybrids,  produced  by  the  union  of  dissimilar 
gametes.     This  dissimilarity  is  due  to  interchange  taking  place  in 
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an  ancestor.  There  is  no  direct  evidence  to  show  whether  the 
interchange  gave  rise  to  the  heterozygote  at  once  in  nature  or 
whether  it  gave  rise  to  a  new  homozygous  race  which  afterwards  by 
crossing  gave  rise  to  the  hybrid.  The  second  is  obviously  the 
source  of  those  ring-forms  that  have  appeared  in  experiments. 
There  is  some  reason  to  suppose,  on  the  other  hand,  that  where  they 
occur  in  nature  their  preservation  is  due  to  the  eUmination  of  the 
homozygous  products  of  the  original  interchange  hybrid  (v, 
CEnothera),  i.e.,  that  they  arose  directly  from  the  change  without 
crossing  between  different  parental  zygotes. 

In  experiments  with  Datura,  Pisum  and  CEnothera,  hybrids  with  a 


Fig.  53. — A  ring  of  twelve  arranged  disjunctionally  at  first  meta- 
phase  in  Rhoeo  discolor.     X  2800.     (From  D.,  1929  c.) 

ring  of  four  have  been  obtained  by  crossing  different  homozygous 
races.  The  parents  evidently  differed  in  respect  of  one  interchange, 
and  the  offspring  (of  the  type  AB-BC-CD-DA)  may  therefore  be 
described  as  "  single-interchange  "  heterozygotes.  Hybrids  with  a 
ring  of  six  or  two  rings  of  four  are  similarly  "  double-interchange  " 
heterozygotes,  and  they  have  been  produced  either  by  crossing  two 
parents  which  differed  in  two  interchanges  [AB,  CD,  EF  and 
BC,  DE,  FA)  as  in  Datura,  or  by  crossing  two  single-interchange 
heterozygotes,  which  have  one  gametic  type  in  common  (as  in 
Pisum,  Zea  and  Campanula).  From  such  a  cross  four  kinds  of 
progeny  will  result.  Thus  (AB-BC-CD-DA,  EF-EF)  x  (AB-AB, 
CD-DE-EF-FC)  will  give  homozygotes  with  simple  pairing  (i.e., 
AB-AB,  CD-CD,  EF-EF),  two  kinds  of  "  single  "  heterozygote 
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(i.e.,  the  parental  types)  and  one  kind  of  "  double  "  heterozygote 
with  a  ring  of  six  {i.e.,  AB-BC-CF-FE-ED-DA).  The  proportions 
of  the  cytologically  recognisable  types  will  be  1:2:1,  and  the 
inheritance  can  be  described  in  mendelian  terms,  if  each  interchange 
is  regarded  as  making  an  allelomorphic  difference.     Thus  the  cross 

0  .0'  (  w 


a},0,OVl,l/fif 


Fig.  54. — Configurations  observed  at  first  metaphase  in  diploid  struc- 
tural hybrids  of  the  simpler  kinds  with  complete  terminalisation. 
a,  fragmentation  or  fusion  heterozygote  {e.g.,  Vicia  sativa  x 
amphicarpa  or  Hesperotettix).  b,  fragmentation-plus-reduplica- 
tion   heterozygote     {e.g.,     Matthiola)  ;      note    triple    chiasma. 

c,  deficiency   or   reduplication   heterozygote    {e.g.,    Circotettix). 

d,  translocation  heterozygote  {e.g.,  Tradescantia  bracteata  or 
Vicia  sativa  X  angustifolia).  e — o,  simple  interchange  hetero- 
zygote {e.g.,  Datura,  Campanula)  showing  complete  association 
in  a  ring  of  four  and  incomplete  association  in  one  or  more 
chains.  The  chromosomes  are  represented  as  of  three  sizes — one 
long,  two  intermediate  and  one  short  in  a  constant  order  in  the 
ring,  e  and  h  are  dis junctional  arrangements  ;  /,  g,  j,  k  and  / 
are  non-disjunctional,  the  rest  are  doubtful. 

is  analogous  to  AaBB  x  AABh  ■-=  1  AABB  :  i  AaBB  :  i  AABb  : 
I  AaBb  where  AaBB  and  AABb  are  indistinguishable  unless  the 
chromosomes  taking  part  in  the  rings  can  be  distinguished  (Fig.  52, 
Plate  VI). 

Where  the  interchanges  in  the  two  parents  do  not  affect  any 
chromosomes  in  common,  the  "  double  "  heterozygote  has  two  rings 
of  four  instead  of  one  ring  of  six.     Both  these  expected  results  have 
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been  found  in  Campanula,  but  in  some  crosses  the  homozygous 
forms,  with  simple  pairing,  are  ehminated  as  mentioned  above. 

(vi)  Polyploid  Interchange  Heterozygotes.  A  relatively  inter- 
changed condition  was  first  found  in  the  odd  chromosome  of  a 
trisomic  Datura  (Belling  and  Blakeslee,  1924).  This  happens  in 
two  ways.  First,  the  extra  chromosome  may  contain  two  identical 
segments  and  may  be  supposed  to  be  derived  from  internal  inter- 
change, i.e.,  between  non-homologous  arms  of  the  same  chromosome 
or  of  homologous  chromosomes.  Thus  two  chromosomes  ahc,  def 
and  abc,  def  might  give  new  types  ahc,  dob  and  fee,  def,  one  of  which 
in  addition  to  the  normal  complement  would  make  a  "  secondary 
trisomic  "  (Rhoades,  1933).  Secondly,  the  extra  chromosome  may 
result  from  interchange  of  a  segment  of  two  complementary  chromo- 
somes. This  type  gives  a  "  tertiary  trisomic."  Thus  AB  and  CD 
will  give  BC  and  the  trisomic  will  be  made  of  AB,  AB,  BC,  CD,  CD, 
etc.  Such  a  plant  has  various  configurations,  including  a  chain  of 
five  chromosomes. 

In  connection  with  these  forms  it  is  convenient  to  mention 
certain  reduplication  homozygotes,  i.e.,  organisms  that  are 
tetrasomic  in  respect  of  one  segment,  having  four  chromosomes  that 
may  be  represented  abed,  abed,  efgd,  efgd.  Since  all  four  chromosomes 
can  associate  in  the  d  segment,  groups  of  four  can  be  formed  and, 
with  terminalisation,  a  quadruple  chiasma.  Such  configurations 
are  found  in  Datura  hybrids  (Blakeslee,  1928)  and  probably  in  Rosa 
(Erlanson,  1931  b),  Matthiola  (Philp  and  Huskins,  1931),  and 
Tradescantia  bracteata  (D.,  1929  c).  Probably  configurations 
suggesting  the  same  conclusions  in  (Enothera  biennis  (Cleland, 
1926  a)  are  to  be  attributed  to  interlocking  {q.v.). 

Polyploid  and  polysomic  interchange  heterozygotes  combine  the 
large  configuration  made  possible  by  their  hybridity  in  structure 
with  the  variability  in  forming  possible  configurations  which  is 
characteristic  of  polyploids.  Only  the  observation  of  "  maximum 
association  "  (which  is  never  found  in  complicated  cases)  or  a 
knowledge  of  the  ancestry  can  give  the  key  to  the  constitution. 
The  determination  of  their  structure,  therefore,  requires  extensive 
observation,  and  has  only  been  conclusively  carried  out  in  a  few- 
forms. 
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A  number  of  triploids  have  more  than  the  haploid  number  of 
paired  chromosomes  at  meiosis,  although  they  are  derived  from 
diploids  showing  no  evidence  of  a  polyploid  origin  (cf.  Ch.  VII), 
e.g.,  in  Festuca,  Fragaria  and  Triticum  with  basic  numbers  of  seven. 

This  can  be  accounted  for  in  one  of  two  ways  :  the  diploid  from 
which  they  have  been  derived  may  have  been  either  (i)  an  inter- 
change heterozygote  or  (ii)  a  reduplication  homozygote.  The 
triploid  would  have  a  segmental  constitution  in  the  two  cases  as 
follows  : — 


(i)  AB        CD 

(ii)  AB 

BC 

BC         DA 

AB 

BC 

BC         DA  .  .  . 

AB 

BC 

Either  type  can  form  three  pairs  instead  of  the  expected  two 
trivalents. 

Since  all  the  triploids  in  which  this  behaviour  is  found  are  inter- 
specific hybrids  of  ABC  or  A  AB  types  {cf.  Ch.  VI),  or,  in  Festuca, 
(Enothera  and  Campanula,  the  offspring  of  interchange  hetero- 
zygotes,  the  heterozygote  rather  than  the  homozygote  explanation 
is  favoured.  Homozygous  reduplication  may  also  have  contributed 
to  the  result  in  some  cases. 

A  clearly  defined  heterozygote  is  the  triploid  derived  from 
(Enothera  pycnocarpa.  The  parent  has  a  ring  of  14  chromosomes 
which  are  presumably  of  the  segmental  constitution  : 

AB       CD        EF      GH       KL       MN      OP 
BC       DE       FG        HK      LM      NO       PA 

the  upper  row  of  chromosomes  being  derived  from  one  gamete,  the 
lower  from  the  other. 

The  fertilisation  of  an  unreduced  gamete  (with  the  constitution 
of  the  zygote)  by  a  normal  gamete  has  given  a  triploid  of  the 
constitution  : — 

AB        CD        EF 
AB        CD        EF 

BC        DE        FG,  etc. 
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This  gives  all  the  expected  small  configurations  (like  those  in  the 
tertiary  trisomic  Datura),  but  none  with  the  maximum  association 
(including  all  21  chromosomes),  since  this  would  involve  the 
apparently  unlikely  chance  of  14  of  the  chromosomes  forming  two 
chiasmata  in  each  arm  (Catcheside,  1931  a). 

Several  tetraploid  species  show  by  their  pairing  that  they  are 
interchange  heterozygotes,  but  for  the  reasons  stated  above  an  exact 
constitutional  formula  cannot  be  given  with  certainty.     In  these 

Fig.  55. — First  metaphase  in  Aucnha  japonica  pollen  mother-cells 
{4X  =  32).  a,  two  sixes,  four  fours,  and  two  pairs,  b,  one  eight, 
three  fours,  one  three,  four  pairs,  and  one  unpaired  chromosome. 
X  2400  (from  Meurman,  1929). 

tetraploids  an  association  of  more  than  four  chromosomes  indicates 
that  the  plant  is  heterozygous  for  one  interchange,  and  an  association 
of  more  than  eight,  or  two  of  more  than  four  but  not  more  than 
eight,  indicates  that  the  plant  is  heterozygous  for  two  interchanges, 
and  so  on.  The  following  table  shows  the  percentages  of 
configurations  with  different  numbers  of  chromosomes  in  three 
such  tetraploid  species.  It  will  be  noticed  that  occasional  unpaired 
chromosomes  are  characteristic  of  the  polyploid  as  of  the  diploid 
interchange  heterozygote. 
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Table  iS 
Pairing  in  Tetraploid  Interchange  Heterozygotes 
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Configurations. 

I. 

II. 

III. 

IV. 

V.      VI.    VII. 

VIII. 

IX. 

X. 

XI.   XII. 

A  nthoxanthum  odoratum 

[X  =  5). 

5-S 

59-9 

2-4 

20-4 

0-7      4-8     o-o 

3-S 

00 

1-4 

00      1-4 

Kattermann,  1931 

(1120  chrs.). 

Rosa  relicta  (x  =  7). 

I 

62 

3 

23 

222 

5 

0 

0 

0          0 

Erlanson,  1931 

(380  chrs.). 

A  ucuba  japonica  {x=2>). 

03 

34-9 

o-S 

52-7 

01      5-2      o-i 

4-8 

o-i 

o-S 

0         0 

Meurman,i929  a 

{2496  chrs). 

Similar  behaviour  is  found  in  Tradescaniia  virginiana  (Stow,  1928  ; 
D.,  1929  c)  and  Campanula  persicifolia  (Gairdner  and  D.,  1931).  In 
both  of  these  tetraploid  forms  of  various  constitutions  probably 
occur.  The  constitution  of  the  tetraploid  forms  of  (Enothera  can 
be  specified  from  knowledge  of  the  behaviour  of  the  diploids  from 
which  they  are  derived,  and  they  show  the  types  of  configuration 
that  are  to  be  expected  on  these  grounds  (Hakansson,  1926  ; 
Catcheside,  1932  and  1935  ;   Seitz,  1935). 

Table   19 

Classification  of  Interchange  Heterozygotes 

(a)  Diploids. 

Artificial  Hybrids. 
Datura*  («  =  12)  . 


Pisitni  {)i  =  7) 


i 


Blakeslee,  192S,  1929. 
(Hakansson,  1929,  1931,  I934- 
E.     R.     Sansome      (Richardson), 
1929,       1932,     1933  :      Sutton, 
1935- 


Polemonium  reptans  (race  cross 
P.  mexicanum  x  P.  pauciflorum 
P.filicimim  X  ccBruleum 
Canna*  ..... 

Godetia  amcena  {n  =  7)  x  G.  Whitneyi 

{n  =  7) 

(Enothera*  (4)  and  (6)     . 

Spontaneous  Forms. 

Campanula    persicifolia*    {n  =  8) 

(4)  and  (6)  .... 

Oenothera  spp.*  {n  ==  7)  (14)    . 


J.  Clausen,  1931  a. 

Honing,  1928. 

Hakansson,  1925,  1931  ^• 
Catcheside,  1932. 


Gairdner  and  D.,  1931- 
Cleland,  1922-28  ;   D.,  1931  c. 


*  Chiasmata  all  terminal  apart  from  those  arrested  by  change  of  homology, 
cf.  Ch.  XII.     Numbers  in  brackets  are  the  numbers  of  chromosomes  in  a  ring. 
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Rhceo  discolor*  {n  =  6)  (12) 


Humulus  japoniciis*  S    • 

H.  lupulKs*  (^  .  .  .  • 

Briza  media*  .... 

Zea  Mays  (in  experiment)  (4)  and  (6) 
Eucharidiiim  concinnnm* 
Clarkia   elegans*    {n  =9),    2    plants 

(4)  +  7  (2) 
Polemonium  ccsruleimi 
Hypericum  punctatiim*  {n  —-  8)  (16) 
Matthiola  incana  [n  —7) 
Rosa  forms  {n  —  7) 
Trimerotropis     citrina     {n  =  12) 
?Diaptomus  castor 
Secale  cereale  (w  =  7  +  /)  8  cells  : 

(4)  +  5  (2)  +  #. 
Allium    ammophilum     {n  =  8),     (4) 

+  6(2) 

Rtimex  acetosa   {zn  =  14  +  XYjYg, 

(4)  +  5  (2)  +  XY,Y,t         . 
Crocus     chrysanthits      {n  =4),      (4) 

+2(2)         

Festuca  pratensis  (4)  -f  5  (2)   . 

Artificial  Hybrids. 

Vicia  sativa   (6)     X     V.   angiistifolia 

(6).     (4)  +  2  (2) 
Datura    Stramonium    (12)     x     (12). 

(10)    +    (2)  .... 

Pisum  humile  X  P.  arvense  (4)  +  5  (2) 
Triticum     cBgilopoides     (7)      x      ^. 

squarrosa   (7).      (3)  +  3"  +  51 
Triticum  cBgilopoides  baidaricum  (7) 

X     T.     CB.     stramineonigrum     (7) 

(4)  +  5  (2) 
Allium   Cepa    x    A.  fistulosum    (4) 

+  6(2) 

Progeny  of  X-rayed  Stock  {cf.  Ch.  X). 
Drosophila  melanogaster  (w  =  4) 

Circotettix  verruculatus  {n  =  12) 
Apotettix  etirycephalus  (X-autosome) 
Zea  Mays  (w  =  10) 

Triticum  monococcum  (w  =  7) 
Oenothera  blandina  (w  =  7) 


Belling,  1927  ;    D.,  1929,  a  and  c  ; 

Nebel,  1932  ;  Sax,  1931  ;  Koller, 

1932  c. 
Kihara,  1929  b  {v.  sex 

chromosomes) . 
Sinoto,  1929  {v.  sex  chromosomes). 
Kattermann,  1930,  1931. 
Burnham,  1930  ;  McClintock,  193 1. 
Schwemmle,  1926. 

Hakansson,  193 1  b. 
J.  Clausen,  1931  a. 
Hoar,  1931. 

Philp  and  Huskins,  1931. 
Erlanson,  1931  b. 
Carothers,  1931. 
Heberer,  1924. 

D,  1933 

Levan,  1935. 

Yamamoto,  1935. 

D.,  unpub. 
Rancken,  1934. 


Sveshnikova,  1929  b. 

Bergner     and     Blakeslee,     i935 

cf.  Blakeslee,  1928. 
Hakansson,  1936. 

Kihara  and  Lilienfeld,  1935. 


L.  Smith,  1936. 
Levan,  1936. 


Muller,  1930  ;   Dobzhansky,  1931  ; 

Painter,  1934. 
Helwig,  1933. 
Robertson,  1936. 
McClintock,  1933  ;  E.  G.  Anderson, 

1935  ;D-,  1934- 
Katayama,  1935  a. 
Catcheside,  1935. 


*  Chiasmata  all  terminal  apart  from  those  arrested  by  change  of  homology, 
cf.  Ch.  Xn.     Numbers  in  brackets  are  the  numbers  of  chromosomes  in  a  ring. 


t  Said  to  be  reciprocal,  but  this  cannot  be  proved. 
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{h)  Triploids. 

ZeaMays  (lo)  x  Euchlcena  perennis  (20),  2'"  +  10"  -f  8r     Longley,  1924. 
Artemisia  nitida  {^x  =  2y),  9-13".     Chiarugi,   1926;     cf.  Rosenberg  on 

Hieracium,  191 7,  and  Ch.  XI. 
^gilops  ovata  (14)  x  ^S.  caudata  (7),  7-10".     Bleier,  1928. 
Mgilops  speltoides  (7)  x  Triticum  turgidum  (14).    Jenkins,  1929. 

Bivalents         .  .  .  4       5       6       7       8       9     10 

Frequency       .  .  .  i       5       9     71     15       i        i 

Avena  barbata  (14)    x    A.  slrigosa,  9"  +  3^      Nishiyama,   1929.     (N.B. 

lateral  chiasma) . 
Triticum    csgilopoides     (7)  x  T.    dicoccum     (14),     iiv  _[_  jiii  _}_  ^11  _},  6i_ 

Kihara  and  Nishiyama,  1930. 
Fragaria  bracteata  vesca  (14)  X  -F.  collina  (7),  10",  etc.     Yarnell,  193 1  b. 
CEnothera  pycnocarpa  {-^x  =  21)  (see  text).    Catcheside,  1931. 
Campanula  persicifolia  {^x  =  24),   iiv  -|-  ^in  -|-  311  _j_  21.      Gairdner  and 

D.,  1931. 
[Festuca  pratensis    (7)  x  Lolium  perenne    (7)]  X  L.   perenne    {^x  =  21), 

31",  6",  etc.     Peto,  1934. 
Potentilla  chinensis  (7)  X  P.  nipponica  (14).     Araki,  1932. 
Triticum  dicoccum  (14)   X  T.  monococcum  (7).     Mather,  1935. 
Narcissus  Tazetta  {^x  —  30).     Nagao,  1933. 
Petunia  {ix  X  ^x,  x  —  j).     Matsuda,  1935. 

(c)  Tetraploids. 


Tradescantia  virginiana  {x  =  6) 
Campanula  persicifolia  {x  =  8) 
Aucuba  japonica  [x  =  d>) 
Rosa  relicta  (x  =  7) 
CEnothera  Lamarckiana  {x  =  7) 
Anthoxanthum  odoratum  {x  =  5) 


Setcreasia  brevifoUa   [^x  =  24) 
CEnothera  biennis  gigas  {x  =  7) 

{d)  Hexaploid. 

Rumex    acetosella    [x  =  7)    (associa- 
tion of  8)  .  .  .  .  .      Kihara,  1927. 


D.,  1929  c. 

Gairdner  and  D.,  1931. 

Meurman,  1929  b. 

Erlanson,  193 1  b. 

Hcikansson,  1927. 

Kattermann,   193 1  ;   cf.  Avdulov, 

1931- 
Richardson,  1935. 
Seitz,  1935. 


(vii)  Unequal  Pairs  of  Chromosomes.  In  accordance  with  the 
foregoing  classification  of  structural  hybrids  it  is  possible  to 
distinguish  provisionally  between  four  kinds  of  condition  which 
give  rise  to  the  occurrence  of  unequal  pairs  of  chromosomes  at 
meiosis. 

Table  20 
Classification  of  Unequal  Bivalents 

I.  Deficiency,  Reduplication  or  Translocation  Heterozygotes. 
A.  Animals, 

Forficula  auricularia       .  .  .  \  tx^^-J^^'-.t^^'^'  o 

•^  (  W.  P.  Morgan,  1928. 

Brachystola    .  .  .  .  .  \ 

Arphia  .  .  .  .  .1-  Carothers,  1913. 

Dissosteira     .  .  .  .  .  j 

R.A.CyTOIOQY.  6 
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polo- 


Phrynotettix  niagnus  * 
Acridinni 

Circotettix  verruculatus    . 
Mus  musculus  (mutant) 
Lahidura  bid  ens 
Mecostethus  gracilis 
Stevoboihriis  lineatus 
He  me  robins  stigma 
Stauroderus  bicolor 
Melanophts  femur-rubrum 
B.  Plants. 

jEgilops    ovata     X      Triticum 

niciim  (4^) 
yE".  cylindrica  X  /E.  trmm  ialis  (4-1 
Boiigainvillcea  glabra 
Zebrina  pendida  {^x) 
Crepis  hybrids 
Aloe  purpurascens  * 
Triticum  vulgare     . 
PcBonia  officinalis  * 
Allium  Cepa  X  A.fistulosum  * 

2.  Fragmentation  Heterozygotes. 

Vicia  sativa  X   V .  amphicarpa 
Crepis     leontodontoides      x      C. 
marschalli  (4A'),  etc. 

3.  Interchange  Heterozygotes 

CEnothera  biennis    . 
Tradescantia  virginiana  . 
Anthoxanthum  odoratum 
Orgyia  thyellina  X  O.  antiqua 

4.  Complex  and  Sex  Heterozygotes  {v.  Ch.  IX) 


Wenrich,  191 6. 

Robertson,  191 5. 

Carothers,  1931  ;    Helwig,  1929. 

Painter,  1927  (deficiency)- 

W.  P.  Morgan,  1928. 

McClung,  1928  b. 

Belar,  1929  a. 

Klingstedt,  1933. 

D.,  1936  d. 

Hearne  and  Huskins,  1935. 


Kagawa,  1929. 

Kagawa,  1931. 

Cooper,  1 93 1. 

D.,  1929  c. 

Babcock  and  J.  Clausen,  1929. 

Belling,  1931. 

Huskins  and  Spier,  1934. 

Dark,  1936. 

Levan,  1936. 

Sveshnikova,  1929. 
Avery,  1930  (Fig.  56). 

D.,  1931  d. 
D.,  1929  c. 
Kattermann,  1931. 
Cretschmar,  1928. 


The  differences  between  these  chromosomes  can  be  accounted  for 
by  the  assumption  of  simple  structural  changes  in  a  way  that  will 
explain  their  behaviour  at  meiosis.  Translocation,  for  example, 
affords  a  simple  explanation  where,  as  in  Circotettix,  there  is  a 
difference  in  position  of  the  spindle  attachment  without  difference 
of  size.  But  it  is  probable,  more  especially  in  species  hybrids,  that 
numerous  structural  differences  distinguish  the  chromosomes.  This 
is  clear  in  the  hybrids  of  Lycia  zonaria  [n  =  56)  by  L.  hirtaria  (« =14) 
(Harrison  and  Doncaster,  1914),  Lycia  pomonaria  (n  =  51)  by 
L.  hirtaria  (n  =  14)  (Malan,  1918),  and  Orgyia  thyellina  (n  =  11)  by 
0.  antiqua  (n  =  14).  In  each  cross  the  chromosomes  of  one  species 
are  smaller  and  more  numerous  than  those  of  the  other. 
Fragmentation  or  fusion  is  therefore  to  be  inferred.     But  in  the 
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Orgyia  hybrid  not  only  associations  of  three  (as  in  Phragmatobia) 
but  also  of  larger  numbers  are  found.  Their  details  cannot  be 
made  out,  but  interchange  or  translocation  is  to  be  inferred.  In  a 
Dicranura  hybrid  definite  chains  can  be  made  out  (Federley,  1915). 


Ja  ^ 


^y^ 


Fig.  56. — a,  Crepis  marschalH,  2n  =  8.  c,  C.  leontodontoides,  2n  =  10. 
h,  the  hybrid  at  mitosis,  d,  the  hybrid  at  first  metaphase  ;  two 
unequal  pairs  and  five  unpaired  chromosomes.  X  1800.  {a  and 
c  from  Babcock  and  Navashin,  1929  ;  h  and  d  from  Avery, 
1930.)  Note  that  the  chromosomes  of  C.  leontodontoides  are 
larger  in  the  hybrid  owing  to  a  change  in  genotypic  control. 

Closer  study  of  many  hybrids  amongst  those  that  will  be  classified 
as  "  undefined  "  would  probably  reveal  analogous  results  and 
make  it  possible  to  specify  some  of  the  differences  that  constitute 
their  hybridity. 

3.  THE   CONDITIONS   OF   METAPHASE   PAIRING 

Before  turning  to  more  complicated  kinds  of  hybrids  we  shall  do 
well  to  consider  how  far  observations  of  simpler  kinds  will  help  us. 
These  show  the  following  conditions  of  chromosome  pairing. 

(a)  Where  the  chromosomes  of  a  diploid  organism  can  be  seen 
at  mitosis  to  consist  of  different  pairs  of  identical  chromosomes,  the 
chromosomes  associated  in  pairs  at  meiosis  are  always  seen  to  be 
identical.  Since  the  pairs  segregate  at  random  with  regard  to  one 
another  their  members  must  be  identical  chromosomes  and  pairing 
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must  be  a  criterion  of  their  common  ancestry,  that  is,  of  their 
homology  (Montgomery  and  Sutton).  This  conclusion  is  borne  out 
by  the  usual  absence  of  pairing  in  haploid  plants  (Ch.  X). 

{b)  In  tetraploids,  as  also  in  triploids,  pairing  takes  place  between 
corresponding  parts  of  the  pairing  chromosomes  at  random,  so  that 
the  chromosomes  often  change  partner.  Pairing  is  therefore  not  a 
property  of  the  chromosome  as  a  whole  but  of  its  constituent  parts, 
and  parts  of  chromosomes  in  structural  hybrids  pair  according  to 
their  individual  similarities  with  parts  of  other  chromosomes. 

(c)  The  pairing  of  chromosomes  is  subject  to  the  conditions  of 
meiosis  being  normal ;  and  these  conditions  can  be  modified  by 
genetic  factors,  the  abnormal  factor  being  recessive  in  the  known 
cases  (Ch.  X).  Meiosis,  as  we  shall  see  later,  is  one  of  the  most 
susceptible  of  all  physiological  processes  to  genetic  abnormality  (Ch. 
X).  Many  F^  hybrids  which  betray  no  abnormality  in  any  other 
respect  (beyond  hybrid  vigour)  go  wrong  in  meiosis.  Where  this 
is  due  to  errors  in  spindle  behaviour  we  know  it  is  not  inherent  in  the 
structural  differences  of  the  chromosomes  ;  it  must  be  genotypically 
controlled.  But  where  it  follows  a  failure  of  chromosome  pairing 
this  failure  may  be  either  structurally  or  genotypically  controlled. 

It  follows  that  failure  of  pairing  is  not  in  itself  evidence  of  dis- 
similarity of  the  chromosomes  concerned,  although  pairing,  which 
gives  rise  to  chiasma-formation,  is  evidence  of  similarity. 

(d)  Likewise,  genetic  conditions  may  determine  a  failure  to  pair 
of  particular  members  of  the  complement  (as  in  the  micro- 
chromosomes of  Hemiptera,  v.  Ch.  X),  or  of  certain  parts  of  the 
chromosomes  (as  in  the  distal  parts  of  the  chromosomes  of 
Mecostethus).  Such  failure  is  certainly  not  the  consequence  of 
dissimilarity,  because  these  chromosomes  and  parts  of  chromosomes 
are  inherited  in  the  same  way  as  the  rest  of  the  complement. 

(e)  It  has  been  seen  that,  while  pachytene  pairing  is  the  first 
visible  condition,  chiasma  formation  is  to  be  regarded  as  a  second 
and  immediate  condition  of  the  metaphase  pairing  of  chromosomes. 
Therefore  the  interpretation  of  chromosome  pairing  in  hybrids  at 
metaphase  must  take  into  account  the  frequency  and  distribution 
of  chiasmata  in  the  parent.  First,  pairing  in  a  hybrid  of  a  type 
with  localised  chiasmata  will  be  dependent  on  the  identity  of  the 
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parts  in  which  the  chiasmata  are  formed,  and  trivalents  in  a  triploid 
will  be  less  frequent  if  chiasmata  are  localised.  This  has  not  yet 
been  proved.  Secondly,  proportionate  dissimilarities  will  reduce 
pairing  more  considerably  in  a  type  with  low  than  in  one  with  high 
chiasma  frequency,  a  respect  in  which  clones  of  Fritillaria 
imperialis  differ  [cf.  Ch.  VII),  and  in  short  chromosomes  more  than  in 
long  ones.  Thirdly,  where  pairing  fails  as  a  result  of  structural 
hybridity  it  will  vary  in  the  extent  of  its  failure  in  different  nuclei, 
following  a  unimodal  curve  such  as  that  found  in  trivalent  formation 
and  in  chiasma  frequency  itself.  It  will  also  show  variation  in 
different  individuals  from  other  conditions  affecting  chiasma 
frequency  [cf.  Ch.  VII  and  Fig.  57). 

(/)  The  occurrence  of  interlocking  and  its  origin  as  shown  by 
Gelei  {v.  Ch.  VII)  and  the  occurrence  of  exchanges  of  partner  at 
zygotene  in  polyploids  (D.,  1929  c)  indicate  that  the  accidents  of 
relative  position  may  reduce  the  completeness  of  pairing.  These 
observations  apply  equally  to  pairing  in  translocation-heterozygotes, 
for  the  same  exchanges  of  partner  occur  optionally  amongst  the 
homologous  chromatids  of  non-hybrid  polyploids  as  occur  necessarily 
amongst  the  interchanged  chromosomes  of  the  heterozygotes.  It 
is  therefore  not  surprising  to  find  in  certain  polyploids  a  considerable 
reduction  of  chiasmata,  and,  with  terminalisation,  many  more  free 
ends  than  in  the  corresponding  diploids.  This  is  increasingly 
evident  in  the  series  :  Datura  Stramonium  (Belling,  1927),  Primula 
sinensis  (D.,  1931  a),  Tradescantia  virginiana  (D.,  1929c),  Campanula 
persicifolia  (Gairdner  and  D.,  1931). 

Interference  of  one  chromosome  with  another  at  zygotene  is 
greater  in  its  effect  on  the  longer  chromosomes.  Thus  in  triploid 
Hyacinthus  the  long  chromosome  type  has  a  much  wider  variation 
in  the  length  paired  at  zygotene  than  the  short  and  medium 
chromosomes.  It  pairs  as  though  it  consisted  of  only  two  blocks 
which  pair,  or  do  not  pair,  at  random  with  regard  to  one  another. 
It  therefore  has  a  higher  proportion  of  unpaired  chromosomes  at 
metaphase  than  the  medium  type,  in  spite  of  its  higher  chiasma 
frequency  (v.  Ch.  IV). 

In  hybrids  with  some  polarisation  of  the  nucleus  at  zygotene, 
interference  with  pairing  from  structural  hybridity  will  give  an 
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advantage  to  the  ends  of  the  chromosomes  (which  pair  first)  in 
pairing,  and  chiasmata  will  be  formed  chiefly  near  the  ends.  This 
is  probably  responsible  for  an  increase  in  the  frequency  of  terminal 
association  in  Triticum  hybrids  in  proportion  to  the  reduction  in 
frequency  of  pairing.  The  terminal  association  has  been  described 
as  "  loose  "  pairing  in  contradistinction  to  "  close  "  pairing  where 
the  pairs  have  formed  several  interstitial  chiasmata.  It  is  directly 
determined  by  the  formation  of  fewer  chiasmata,  and  those  nearer 
the  ends  than  usual  (Kihara  and  Nishiyama,  1930  ;  cf.  D.,  1930  c 
and  1931  d,  and  Ch.  VI). 

We  have  seen  that  univalents,  the  result  of  incomplete  pachytene 
pairing,  often  occur  with  permissive  changes  of  pairing  in  a  tetra- 
ploid.  This  is  due  to  the  time-limit  in  pairing  which  is  responsible 
for  certain  parts  of  long  chromosomes  failing  to  get  paired  before 
they  divide,  and  for  the  localisation  of  pairing  characteristic  of 
many  species  with  long  chromosomes.  A  fortiori  we  should  expect 
that  incomplete  pachytene  pairing  would  occur  in  any  organism 
with  frequent  obligatory  changes  of  partner  resulting  from  a  com- 
plicated structural  hybridity.  Evidently  the  reduction  of  meta- 
phase  pairing  in  undefined  hybrids  between  species  is  in  part 
attributable  to  the  action  of  the  time-limit. 

There  is  another  special  way  in  which  pairing  is  interfered  with 
at  pachytene  in  a  structural  hybrid.  This  has  been  made  clear 
by  the  work  of  McClintock  on  Zea  Mays.  She  discovered  (1933) 
in  defined  interchange,  inversion,  and  deletion  hybrids  a  new 
principle  in  chromosome  pairing.  Chromosomes  which  have  begun 
to  pair  at  places  where  they  are  homologous  often  continue  their 
pairing  along  their  length  irrespective  of  homology.  They  pair,  it 
seems,  like  two  pieces  of  twisted  string  set  free  together.  The 
pairing  begun  by  attraction  continues  by  torsion,  by  the  same  strain, 
that  is,  which  produces  relational  coiling  in  any  case  (D.,  1935  c, 
1936  d).  This  means  that  if  we  take  the  chromosomes  of  two 
different  species  which  differ  perhaps  in  numerous  small  details  of 
arrangement,  the  greater  part  of  their  pairing  in  the  hybrid  will  be 
between  non-homologous  segments.  Such  pairing  does  not  permit 
of  crossing-over  and  chiasma-formation  so  far  as  we  know,  and  the 
chromosomes  will  therefore  fall  apart  unpaired  at  diplotene.     It 


DIFFERENCES   BETWEEN   CHROMOSOMES        167 

does  not  therefore  account  for  metaphase  pairing  in  haploids. 
From  these  two  circumstances  the  structurally  determined  failure 
of  pairing  in  interspecific  hybrids  is  to  be  derived. 

Slimming  tip  :  The  foregoing  observations  show  three  general 
conditions  of  the  pairing  of  chromosomes  at  metaphase  of  the  first 
meiotic  division  in  diploids,  as  follows  : — 

(i)  The  presence  of  similar  pairs  of  chromosomes. 

(ii)  Non-di\dsion  of  the  chromosomes  permitting  their  pairing  at 
pachytene. 

(iii)  The  formation  of  chiasmata  in  the  paired  pachytene  chromo- 
somes. 

In  polyploids  the  pairing  of  a  particular  two  similar  chromosomes 
depends  on  a  combination  of  the  chance  of  assortment  of  them, 
determined  by  the  number  of  pairing  blocks  of  which  they  consist, 
and  the  chance  of  chiasma  formation  determined  by  the  average 
chiasma  frequency  and  the  interference  value. 

Two  questions  then  arise  :  [a)  What  kinds  of  dissimilarity 
inhibit  or  restrict  chromosome  pairing  at  pachytene  ?  (b)  Wliat 
relation  has  metaphase  pairing  (which  can  alone  be  considered  in 
detail)  to  the  degree  of  dissimilarity  occurring  ? 

(a)  There  is  evidence  of  two  kinds  of  dissimilarity  or 
differentiation  in  the  chromatin  material.  First,  there  is  a 
qualitative  differentiation  between  particles  or  groups  of  particles. 
This  is  most  simply  supposed  to  be  due  to  differences  between  their 
characteristic  molecules.  A  second  symptom  of  these  differences  is 
the  capacity  for  specific  variation,  the  property  of  particles  at  each 
locus  in  a  chromosome  giving  rise  to  differences  (mutations)  of  a 
specific  character,  which  has  led  to  such  an  identifiable  particle 
being  described  as  a  "  gene."  It  is  probably  through  gene  muta- 
tions that  the  qualitative  (intramolecular)  differentiation  arises. 
Secondly,  there  are  differences  due  to  change  in  arrangement  or 
structure  of  these  specific  particles  ;  these  intermolecular  changes 
determine  genetic  differences  when  they  lead  to  changes  in  quantity, 
proportion  and  position. 

Since  intragenic  changes  affect  single  genes  and  intergenic 
changes  affect  larger  or  smaller  groups  of  genes  (perhaps  many 
hundreds) ,  though  both  may  inhibit  pairing,  on  the  simple  assump- 
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tion  that  only  identical  genes  may  pair,  the  first  will  have  a 
negligible  effect  as  compared  with  the  second.  Therefore  the 
assumption  must  be  made  that  all  changes  effective  in  reducing 
pairing,  apart  from  changes  of  number,  are  intergenic  or 
structural. 

Structural  changes  need  not  in  themselves  mean  any  change  of 
genetical  properties  in  the  organism,  except  in  a  mechanical  sense, 
since  the  same  materials  may  be  arranged  in  a  different  way  without 
any  phenotypic  effect.  But  structural  changes  will  nearly  always 
lead  to  changes  in  proportion  through  recombination,  and  these 
have  an  important  genetic  significance.  Their  occurrence  is 
therefore  a  measure  of  differentiation. 

(b)  Since  organisms  vary  (within  and  between  species)  in  the 
frequency  and  distribution  of  chiasmata  in  each  unit  of  the  length 
of  paired  chromosome,  it  follows  that  the  pairing  in  different 
hybrids  between  species  and  between  varieties  of  the  same  species 
cannot  be  compared  as  an  indication  of  similarity  without  a 
knowledge  of  chiasma  frequencies  in  the  parents. 

We  are  therefore  led  to  expect  that,  in  some  hybrids  between 
species,  chromosomes  will  pair,  in  others  they  will  fail  to  pair,  and, 
in  others  again,  their  behaviour  will  be  intermediate  and  will  then 
vary  in  accordance  with  the  variation  in  chiasma  formation.  The 
differences  of  behaviour  between  hybrids  will  have  a  very  indirect 
relation  to  the  differentiation  in  genetic  properties  of  the  parent 
species. 

4.  CHROMOSOME   PAIRING   IN   UNDEFINED    HYBRIDS 

Undefined  hybrids  in  which  parental  gametes  have  the  same 
chromosome  number,  or  a  slightly  different  one,  for  no  definable 
reason,  are  of  three  kinds  :  (i)  those  with  little  or  no  pairing  at 
metaphase  ;  (ii)  those  with  partial,  and,  always,  variable  pairing  ; 
(iii)  those  with  complete  or  almost  complete  pairing  (v.  Table  21). 
Prophase  conditions  have  not  been  suitable  for  exact  study  in  most 
of  these  hybrids,  but  failure  of  metaphase  pairing  has  frequently 
been  found  to  follow  incomplete  pachytene  pairing,  as  would  be 
expected  (cf.  Cretschmar,  1928).  In  other  cases  pairing  appears  to 
be  complete  at  pachytene  (Federley,  1915),  but  it  may  well  be 
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intermittent  and  appear  complete  as  it  sometimes  does  with  localised 
pairing,  owing  to  the  relational  coiling  of  the  chromosomes  in  their 
intercalary  unpaired  parts. 

The  second  class  is  characterised  by  a  unimodal  curve  in  the 
frequency  of  the  pairing  [v.  Table  22).  This  curve  shows  some 
variation  even  between  different  preparations  of  the  same  individual, 
and  a  fortiori  between  sister  individuals  from  the  same  cross.  Such 
variation  is  paralleled  by  that  found  in  chiasma  frequencies  shown 
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Fig.  57. — Percentage  frequencies,  T.A.,  of  pairs  of  chromosomes 
per  nucleus  in  a  Triticiim-JEgilops  hybrid  (Kihara,  1929  c) 
from  different  preparations  and  V.f.  of  chiasmata  per  bivalent 
in  the  m  chromosomes  of  Vicia  Faba  (Maeda,  1930),  also  from 
different  preparations  showing  the  effect  of  different  develop- 
mental conditions  on  these  two  variables.     (From  D.,  1931  c.) 

by  the  same  chromosome  pair  in  different  preparations  in  non- 
hybrids  (cf.  D.,  1931  c,  on  Maeda,  1930,  and  Fig.  57). 

In  the  second  and  third  classes  it  is  also  found  that  wherever  the 
chiasma  frequency  of  the  parents  is  known  or  can  be  inferred,  it  is 
found  to  be  lower  in  the  hybrid.  Thus  in  Canna,  Triticum  and 
Papaver  two  or  three  chiasmata  are  formed  by  the  bivalents  in  the 
parental  species  {cf.  Table  23,  and  Peto,  1930  ;  Goodspeed,  1934). 
But  in  hybrids  in  these  genera  or  between  Triticum  and  Mgilops, 
where  the  pairing  is  small  and  variable,  such  pairing  as  occurs  is 
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by  single  (usually  terminal  or  sub-terminal)  chiasmata  (Figs.  58 
and  72).  The  same  is  true  in  a  less  degree  of  a  defined  structural 
hybrid  in  Lilium  (Richardson,  1936,  and  Ch,  VII). 

It  will  be  observed  that  the  difference  between  the  two  degrees 


Fig.  58. — First  metapliase  of  meiosis  in  Triiicuni  iurgidum  {2n  =  28), 
T.  durum  {2n  =  28)  and  the  hybrid  between  them.  The  total 
number  of  chiasmata  and  the  number  terminal  is  given  at  the 
side  of  each  plate.  Cf.  Table  23,  smear  preparations  :  The  top 
plate  is  fixed  in  aceto-carmine  (x  1900),  the  rest  in  Flemming 
(X   2800).     (From  D.,  1931  d.     Cf.  Fig.  57.) 

of  pairing  is  the  same  as  that  observed  between  the  pairing  of 
fragments  which  form  only  one  chiasma  and  their  large  sister 
chromosomes  which  form  two  or  more  (e.g.,  in  Fritillaria,  D.,  1930  c, 
and  Datura,  Blakeslee,  193 1).  The  pairing  found  in  undefined 
hybrids  is  therefore  in  accordance  with  the  assumption  that  a  larger 
or  smaller  fraction  of  the  total  length  of  chromosome  threads  is 
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paired  at  pachytene  ;  a  small  reduction  leading  to  rare  failure  of 
chiasma  formation  and  metaphase  pairing  ;  a  larger  reduction,  to 
more  frequent  but  variable  failure  of  pairing  ;  and  a  very  large 
reduction  to  almost  invariable  failure  of  pairing.  The  conditions 
that  determine  this  reduction  are  clear  from  the  genetical  and 
cytological  evidence  of  the  conditions  of  pairing  just  considered. 
It  is  that  corresponding  chromosomes  do  not  agree  in  structure. 

If  mere  differences  in  the  arrangement  of  the  same  materials  are 
responsible  for  failure  of  pairing  (and  these  differences  do  not  in 
themselves  imply  differences  in  the  genetic  properties  of  the 
chromosome  set)  then  frequency  of  pairing  at  pachytene  is  an 
uncertain  indication  of  the  genetic  relationship  of  the  parents. 
And  since  metaphase  pairing  is  related  to  pachytene  pairing  through 
the  formation  of  chiasmata,  in  the  frequency  of  which  species  and 
varieties  differ  genetically,  the  indication  becomes  even  more 
*  uncertain.  This  conclusion  is  verified  in  a  general  way  by  a  con- 
sideration of  chromosome  pairing  in  hybrid  Lepidoptera  {cf. 
Cretschmar,  1927) .  Precise  examples  now  show  the  effect  genotypic 
control  can  have  on  the  chromosome  pairing  of  hybrids.  Thus 
crosses  of  Viola  nana  and  V.  arvensis  with  a  third  species  V.  tricolor 
showed  almost  complete  pairing,  while  when  the  first  two  species 
were  crossed  less  than  a  quarter  of  the  chromosomes  paired  (J. 
Clausen,  1931  c).  In  crosses  of  a  particular  decaploid  species  of 
Chrysanthemum  with  different  diploid  species  different  degrees  of 
pairing  occur  amongst  the  chromosomes  of  the  decaploid  (Table  29, 
A  and  B) .  The  same  chromosomes  pair  or  fail  to  pair  under  different 
genotypic  conditions.  Later  we  shall  find  cases  where  pairing  may 
fail  altogether  in  a  homozygous  organism  (Ch.  X). 

But  even  where  there  is  reason  to  suppose  that  genotypic  con- 
ditions are  unchanged  we  cannot  infer  the  degree  of  differentiation 
of  two  species  from  the  pairing  in  their  hybrid  without  knowing 
the  frequency  of  chiasmata  in  all  three.  This  is  most  clearly 
shown  by  the  Anas  hybrid  (cf.  Ch.  VII  and  Ch.  X).  Here  the 
large  chromosomes,  with  a  high  chiasm a-frequency  in  the  parents, 
pair  regularly  in  the  hybrid.  The  short  chromosomes,  with  a 
low  chiasma-frequency  in  the  parents,  fail  to  pair  in  the  hybrid. 
Were  all  the  chromosomes  long,  no  failure  in  pairing  would  be 
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noticed.  Were  they  all  short  they  would  all  fail  to  pair  and  meiosis 
would  follow  an  entirely  different  course. 

Finally  when,  as  in  polyploid  hybrids,  pairing  is  seen  to  be 
governed  by  "  differential  affinity  "  (Ch.  VI),  deductions  from 
pairing  must  have  an  enormous  margin  of  error.  The  extensive 
phylogenetic  conclusions  that  have  been  based  on  observation  of 
pairing  in  hybrids,  especially  in  Triticum  and  Nicotiana,  must 
therefore  be  regarded  as  little  better  founded  than  those  based  on 
chromosome  number  in  Crepis. 

The  behaviour  of  unpaired  chromosomes  will  be  considered  in 
relation  to  the  breakdown  of  genetic  systems  (Ch.  X). 

Table  21 

CLASSIFIED  OBSERVATIONS  OF  PAIRING  OF  CHROMOSOMES  IN  UNDEFINED  HYBRIDS 

The  haploid  number  is  given  after  each  species,  and  the  number  of  pairs  (;r") 
formed  by  the  hybrid  where  this  is  variable. 

(i)  Potentially  Complete  Pairing. 

Lepidoptera. 
Oporabia  filigrammaria  (37)  X  O.  autumnata  (38),  34-37".     Harrison,  1920  a. 
Pergesa  porcellus  (29)  X  P.  elpenor  (29).     Federley,  cit.  Cretschmar,  1927. 
Amorpha  populi  austauti  (28)  x  A.  p.  populi  (28).     Federley,  cit.  Cretschmar, 

1927. 
Celeris  euphorbics  (29)  X  C.  galii  (29).     Bytinski  Salz  and  Giinther,  1930. 

Pisces. 
Platypoeciliis    variatus    {25)  X  P.    maculatus    (24)    24^^  +  i^    or    23"  +  i^". 
Friedman  and  Gordon,  1934. 

Angiosperms. 
Primula   Jforibunda     (9)      X     P.    verticillata    (9)     (=  P.    kewensis).     Digby, 

191 2  ;   cf.  Newton  and  Pellew,  1929. 
Digitalis  lanata  (28)  X  D.  micrantha  (28).     Haase-Bessel,  1922. 
Tragopogon  pratense  {6)  X  T.  porr if olius  [6)]  Wing e,    cit.    Babcock    and    J. 
Geum  rivale  (21)  X  G.  urbanum  (21).  J       Clausen,  1929. 

Primus  persica  (8)   x  P.  Amygdalus  (8)  \ 
P.  triflora  (8)  x  P.  persica  (8).  [  D.,  1930  a. 

P.  triflora  (8)  x  P.  cerasifera  (8)  ) 

Fragaria  vesca  (7)  X  F.  Helleri  (7)  \ 

F.  bracteata  (7)  X  F.  Helleri  (7)  \  Ichijima,  1926. 

F.  glauca  (28)  x  F.  virginiana  (28)  ) 

Sorbus  Aria  (17)  x  Aronia  melanocarpa  (17).     Sax,  1929. 
Ribes  rubrum  (8)  x  R.  petrcsum  (8)  (=  R.  holosericeum) .     Meurman,  1928. 
Viola  tricolor  (13)  X   V.  alpestris  (13)  |  -r    >-, 
V.  cornuta  (ii)  X  V.  orthoceras  (11)     f  J'  '-^ausen,  1931  c. 
Salix  viminalis  (19)  X  5.  Caprea  (19).     HS.kansson,  19296. 
Crepis  rubra  (5)  X  C.  fcetida  (5).     Poole,  1931. 
C.  leontodontoides  (5)  X    C.  aiirea  (5).     Avery,  1930. 
Triticum  dicoccum  (14)   x   T.  persicum  (14).     Vakar,  1930. 
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T.  durum  (14)  x  T.  turgidum  (14).     D.,  1931  d  {v.  Table  23). 
Lolium  per e fine  (7)  X  Festuca  elatior  (7).     Peto,  1934  (^-  C^-  -^)- 
Dianthus  neglectus  (15)  x  D.  Carthusianorum  (15),  15".     Rohweder,  1934. 

(N.B.     The  larger  chromosomes  of  the  paternal  parent  are  said  to  retain 
their  size  difference  in  the  hybrid.) 

Platanus  orientalis  (21)  X  P.  occidentalis  (21),  21".     Sax,  1933. 
Chrysanthemum    Makinoi    (9)  x  C.    lavandnlcBfolium    (9),    9".     Shimotomai, 

1933- 
C.  pacificum  (45)  x  C.  yezoensis  (45),  45".     Shimotomai,  1933. 
Rumex  acetosa  (6  +  X)  X  R.  montanus  (6  +  YY),  6"  +  XYY.     Yamamoto, 

1935. 

EuchlcBna  mexicana  (10)  x  Zea  Mays  (10),  9-10".     Beadle,  1932. 
EuchlcBna  mexicana  (Durango  X  Florida),  6-1011.     Beadle,  1932. 
Allium  fistulosum  (8)  x  A.  Cepa  (8),  8".     Emsweller  and  Jones,  1935. 
Crepidiastrum  lanceolatum  (5)  X  Paraixeris  denticulata  (5).     Ono  and  Sato, 

1935- 
Gossypium  herbaceum  (13)  X  G.  arhoreum  (13),  13".     Skovsted,  1933. 
Salvia  grandiflor a  (8)  x  S.  officinalis  (7),  7"  -(-  i^     Hruby,  1935. 
5.  nutans  (11)  X  5.  lurisicii  (11),  10"  +  2^  etc.     Hruby,  1935. 
5.  lurisicii  (11)  X  S.  nemorosa  (7),  7"  +  4^     Hruby,  1935. 
5.  nemorosa  (7)  X  5.  Baumgartenii  (8),  7"  +  i^.     Hruby,  1935. 
S.  nutans  (11)  X  5.  Baumgartenii  (8),  9"  +  ii  (autosyndesis).     Hruby,  1935. 
Salix  nigricans  (57)  X  5.  phylicifolia  (57),  57"  (some  IV).     H&kansson,  1933. 
Quamoclit  angulata  {1^)  X  Q.pinnata  {15),  14"  +  i^-     Kagawa  and  Nakajima, 

1933. 
{2)  Partial  Pairing  (always  variable). 
Lepidoptera. 
Saturnia  pyri  (30)  x  S.  pavonia  (29),  5-6".     Pariser,  1927. 
Smerinthus  ocellata  ocellata  {z'j)  X  S.  0.  planus  (27),  5-18".     Federley,  1914, 

1915- 
Angiosperms. 
Crepis  hybrids  (4,  etc.),  0-4".     Babcock  and  J.  Clausen,  1929  {v.  Table  22)  ; 

Avery,  1930. 
Papaver  somniferum  glahruni  (11)  x  P.  nudicaule  (7),  3-4".     Yasui,  1927. 
Ribes    sanguineum    (8)  x  R.    Grossularia    (8)    {"  R.    Gordonianum  "),    0-8". 

Meurman,  1928. 
R.  nigrum  (8)  x  R.  Grossularia  (8)    ("  R.  Culverwellii  "),  0-8".     Meurman, 

1928. 
Digitalis  purpurea   (28)  X  D.   ambigua   (28),   5-12".     Buxton  and  Newton, 

1928. 
Viola  arvensis  (17)  x  V.  rothomagensis  (17),  14-15".     J.  Clausen,  1931  c. 
V.  nana  (24)  X  V.  lutea  (24),  15-17".     J.  Clausen,  193 1  c. 
jEgilops  cylindrica  (14)  X  JJ.  ovata  (14),  7-13".     Percival,  1930. 
JE.  cylindrica  (14)  x  M.  triuncialis  (14),  6-11".     Kagawa,  1931. 
Salvia  Bulleyana   (8)  x  5.  glutinosa   (8),   ca.   5"  +  6^     Hruby,  1935. 
5.  nemorosa  (7)  x  S.  nutans  (11),  6"  +  6^     Hruby,  1935. 
Triticum  cegilopoides  (7)  x  ^gilops  squarrosa  (7),  0-6".     Kihara  and  Lilien- 

feld,  1935. 

(3)  Potentially  Complete  Failure  of  Pairing 

Lepidoptera. 
PygcBra  anachoreta  (30)  X  P.  curtula  (29),  0-2") 
P.  pigra  (23)  X  P.  curtula  (29),  0-2"  |  ^^ederley,  1912. 
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Oporabia  dilutata  (30)  x  O.  autumnata  (38).     Harrison,  1920  a. 

Bistort  hirtaria  (14,  large)  X  B.  zonaria  (56,  small).     Harrison  and  Doncaster, 

1914. 
Angiosperms. 
Raphamis   sativus    (9)  X  Brassica   oleracea    (9),    0-1".     Karpechenko,    1927, 

a  and  h. 
Nicotiana  Bigelovii  (24)  X  N.  snaveolens  (16),  0-1". 

1927  a. 
Popultis  Simonii  {19)  (presumed  hybrid,  male),  o-i". 
Canna  (9)  (presumed  hybrid),  0-3".     Belling,  1927. 
Triticum  dicoccoides  (14)  X  ^gilops  ova  a  (14),  0-5".      Kihara,  1929  a. 
Narcissus  intermedins,  N.  Tazetta  (10)  X  N.  Jonquilla  (7),  17'.     Nagao,  1933. 
Iris  pallida  (12)  X  /.  tectorum  (14),  1-2".     Simonet,  1931. 

(The    second    species    has    smaller    chromosomes    which 
recognisable  in  the  hybrid.) 
Nicotiana  Rusbyi  (12)  X  A-,  silvestris  (12),  241.     Brieger,  1934. 


Goodspeed  and  Clausen, 
Meurman,  1925. 


are    probably 


Table  22 
The  Fluctuation  of  Chromosome  Pairing  in  Hybrids 


Crepis    spp.    (h  =  4).     Babcock    and 

J.  Clausen,  1929. 
C.  aspera  x  C.  bursifolia 
C.taraxacifolia  y.  C. tectorum 
C .  aspera  X  C.aculeata 
Triticum  and  £gilops   spp.  {»  =  14). 

(i)   Kagawa,  1929. 
£  .  cylindrica  x  T.  dicoccum 

(ii)  Kihara,  1929  c. 

T.  dicoccoides  x  jEgilops  ovata 
(different  florets) 


(sister  seedlings) 


-ib) 
((c) 


(iii)  Kihara,  1931. 

T.  Spelta(2i)  XjE.triuncialis  (14)     (  (a) 

(different  florets)  "1  (6) 


iJtb^Jspp.  («  =  8).     Meurman,  192S. 
R.  sanguimum  X  R.  odoratum       (  (a) 
(different  anthers)  i  (h) 


Amorpha  poptili  austauti  (h  =  28)  x 
A.  p.  populi  (m  =  28).  (Federley, 
1915)    
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Table  23 
Chiasma  Frequency  of  Hybrids  Compared  with  that  of  their  Parents  * 


Percentages  of  Bivalents  with  different 
Numbers  of  Chiasmata. 

0 

I 

2 

3 

Mean. 

Triticum,  D,,  1931  d. 

T.  turgidum 

T.  durum 

T.  turgidum  X  T.  durum    . 
Kniphofia,  Moffett,  1932. 

K.  Nelsonii 

K,  Burchellii  . 

K.  Uvaria  X  K.  Macowanii 

0 
0 

2-6t 

7-2 

25-0 

30-8 
42-4 

53-2 

57-1 
57-1 
30-0 

567 
54-6 
42-9 

42-9 

35-7 
25-0 

12-5 
30 
1-3 

2-43 
2-28 

2-00 

1-8 
1-6 
1-4 

*  C/.  Peto,  1934  '»    Mather,  1935 
t  Unpaired  chromosomes. 


and  Ch.  X. 


5.  PERMANENT  PROPHASE  :     THE  SALIVARY  GLANDS 

The  activity  of  secretory  cells  in  glandular  tissues  of  animals 
sometimes  depends  on  mitosis  and  sometimes  excludes  it.  In 
the  latter  case  the  nucleus  loses  its  ordinar}'  property  of  perpetuating 
a  characteristic  complement  of  chromosomes  and  may  become  more 
or  less  highly  specialised  for  its  immediate  physiological  functions. 
The  most  remarkable  and  important  example  of  this  specialisation 
is  found  in  certain  glandular  cells  of  insects,  particularl}^  in  the 
salivary  glands  of  Diptera. 

The  nuclei  in  cells  of  the  salivary  glands  in  the  fully  developed 
larvae  of  Diptera  can  be  seen  in  life  to  be  enormously  enlarged  and 
full  of  chromosomes  which  are  correspondingly  enlarged.  In  their 
proportions  and  marking  they  look  like  contorted  earthworms. 
They  are  about  a  hundred  times  as  long  as  metaphase  chromosomes. 
In  Drosophila  the  second  and  third  chromosomes  are  a  quarter  of 
a  millimetre  long,  and  they  show  some  hundreds  of  definite  trans- 
verse striations.  This  structure  was  described  by  Balbiani  in 
Chironomus  in  1881,  and  by  Carnoy  in  Hymenoptera  and  Neuroptera, 
as  well  as  in  Diptera  in  1884.  Alverdes,  in  1912,  considered  that 
the  striations  were  the  result  of  spiralisation,  but  Kostoff,  in  1930, 
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pointed  out  that  they  corresponded  rather  with  the  lineally  arranged 
genes.  Heitz  and  Bauer  (1933)  finally  put  it  beyond  doubt  that  the 
bodies  in  the  nucleus  were  separate  and  that  each  corresponded 
with  a  pair  of  chromosomes. 

The  structure  of  the  salivary  gland  nucleus  and  its  genetical 
interpretation  have  now  been  made  clear  by  the  work  of  Painter, 
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Fig.  59. — Complete  nucleus  in  the  salivary  gland  of  ^  Drosophila 
funebris  after  pairing  is  finished  (diagrammatic),  ch,  fused 
centromeres  ;  n,  nucleolus  ;  x,  inert  end  of  X  chromosome  ; 
x',  distal  end  ;  y,  visible  segment  of  Y ;  m,  the  smallest 
chromosome  pair  (Frolowa,  1935). 

Bridges,  Roller,  Bauer  and  others  (Table  24).  Each  of  the  chromo- 
somes before  pairing  is  marked  by  transverse  bands  of  characteristic 
size,  number  and  order.  The  paired  chromosomes  in  a  homozygous 
larva  result  from  the  fusion  side  by  side  of  pairs  of  chromosomes 
which  correspond  exactly  in  regard  to  these  bands.  Nucleoli  are 
attached  to  the  chromosomes  in  characteristic  positions  as  in 
mitosis.     In  Drosophila  all  the  chromosomes  are  fused  at  their 
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centromeres  into  one  central  undifferentiated  mass  or  magma, 
with  which  the  separate  arms  of  the  large  autosomes  of  D.  melano- 
gaster  for  example,  appear  to  be  separately  connected.  Certain 
regions  of  the  X  and  Y  chromosomes  that  are  known  to  be  inert 
seem  to  take  part  in  this  magma,  so  that  the  small  active  part  of  the 
Y  has  only  recently  been  discovered  (Prokofieva-Belgovskaya,  1935  ; 
Frolowa,  1936).  The  inert  parts  are  either  less  hypertrophied  or 
less  closely  paired  than  the  active  parts. 

In  different  species  the  behaviour  of  the  chromosomes  differs. 
In  D.  simulans  the  chromosomes  do  not  always  pair,  and  the 
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Fig.  60. — Two  chromosomes  before  pairing  is  complete  in  D.  psendo- 
obscura,  showing  left-hand  relational  and  relic  coiling  in  the 
unpaired  segment.  Only  a  few  of  the  chromomere-bands  are 
shown.      X  1000  (Koller,   i935)- 

centromeres  never  fuse  (Geitler,  1934  ;  Bauer,  1935,  a  and  b).  It 
is  particularly  significant  that  pairing  fails  most  often  in  the  shortest 
chromosome  to  which  a  nucleolus  is  attached,  since  this  indicates 
that  the  difference  is  due  to  delay  in  coming  together.  Delay  in 
pairing  means  inhibition  of  pairing  as  we  have  seen  in  similar 
circumstances  in  meiosis,  and  it  is  possible,  but  unlikely,  that  this 
applies  to  the  salivary  gland  nuclei. 

While  the  thicker  striations  often  appear  as  uniform  bands, 
close  comparison  of  a  number  of  species  has  shown  that  each  of  the 
finer  bands  consists  of  a  group  of  granules  which  resemble  the 
chromomeres  of  meiotic  chromosomes  and  may  be  properly  so 
described  (Koltzoff,  1934).     A  plate  of  thirty-two  or  sixty -four  of 
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these  granules  makes  a  band,  and  they  are  connected  by  deHcate 
threads  to  successive  granules  along  the  chromosome.  In  other 
words  each  of  the  i-)airing  chromosomes  has  divided  four  or  five 
times,  and  the  products  of  its  division  have  remained  in  side-by-side 
association  (Bridges,  1935  ;  Metz,  1935  ;  KoUer,  1935).  It  is 
possible  that  they  are  associated  closely  in  pairs  resulting  from 
primary  attraction  and  that  these  pairs  are  more  loosely  held 
together  by  a  secondary  attraction  corresponding  to  the  secondary 

Table  24 
Observations  of  Salivary  Glands  in  Diptera 

Drosophila  nielanogaster . 

KostofJ,  1930. 

Painter,  1934,  a  and  b. 

Bridges,  1935,  1936. 

Koltzoff,  1934. 

MuUer  and  Prokofieva,  1935. 

Ellenhorn,  Prokofieva  and  Muller,  1935  {in  vivo). 

Roller,  1935. 
D.  simulans,  and  D.  melanogaster  x  D.  simiilavs. 

Patau,  1935  {in  vivo). 
D.  pseudo-obscura. 

Koller,  1935,  1936. 

Tan,  1935. 
Chironomus  spp. 

Balbiani,  1881. 

Bauer,  1935,  a  and  b  {in  vivo). 

King  and  Beams,  1935. 

Koller,  1935. 
Bibio  hortulanus. 

Heitz  and  Bauer,  1933. 
Simulium. 

Bauer,  1935. 
Sciara  spp. 

Metz,  1935. 

attraction  characteristic  of  somatic  chromosomes  in  the  Diptera 
(Ellenhorn,  Prokofieva  and  Muller,  1935).  The  original  plane  of 
association  of  the  paired  multiple  chromosomes  is,  however,  soon 
lost,  and  the  whole  bundle  of  threads  becomes  a  uniform  cylinder, 
a  polytene  chromosome,  as  we  might  call  it. 

The  knowledge  that  exactly  corresponding  parts  of  chromosomes 
pair  in  salivary  gland  nuclei  has  facilitated  a  closer  analysis  of  the 
genetic   structure  of  Drosophila  in  two  ways.     First  it  has  been 


PLATE  VII 

Paired  Chromosomes  in  the  Salivary  Gland  Nuclei  of  Diptera 

Fig.  I. — Living  nucleus  of  Chirojiomus  Thitmmi,  •w  =  4,  in  liquid 
paraffin.  The  small  fourth  chromosome  has  a  nucleolus  attached 
and  lies  in  the  middle.      x  635.     (Bauer,  1935.) 

Figs.  2  and  3. — Drosophila  pseudo-obscitva,  aceto-carmine  smear 
preparations  (c/.  Text-Figs.), 

Fig.  2.  Complete  nucleus  of  female  showing  inversion-pairing 
in  third  chromosome.  Fig.  3.  One  pair  of  chromosomes  in  a 
heterozygote  showing  inversion  and  deletion  pairing  and  relic 
coiling.     (Koller,  1935,  1936.) 

Fig.  4. — Part  of  chromosome  of  Chiroiiomns  sp.  drawn  out  to  show 
threads  connecting  chromomeres.      (Koller,  1935.) 
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possible  (Painter,  Bridges  and  many  others)  to  identify  the  structural 
differences  such  as  in  some  cases  exist  within  natural  populations, 
or  in  other  cases  distinguish  races  and  species,  or  in  others  again  are 
produced  by  irradiation.  Where  a  deletion  has  occurred  in  the 
middle  of  a  chromosome,  the  chromomeres  of  the  opposite  chromo- 
some having  no  partner  are  buckled.  WTiere  an  inversion  has 
occurred  a  reversed  loop  is  formed.  \\'here  an  interchange  has 
occurred  the  chromosomes  change  partners.  All  these  structures 
are  strictly  comparable  with  those  observed  at  meiosis  in  a  structural 
hybrid.  The  various  kinds  of  differences  have  been  referred  to  in 
the  proper  place.     They  have  shown  that  the  same  kind  of  structural 


Fig.  61. — An  error  of  pairing  in  a  homozygous  D.  pseiido-obscura 
due  to  the  torsion  setting  up  non-homologous  pairing  within  a 
chromosome.  The  result  is  internal  interlocking.  Right-hand 
relational  and  relic  coihng.     x  1000  (Roller,  1935). 

differentiation  has  taken  place  in  Drosophila  as  had  been  inferred 
from  the  study  of  meiosis  in  other  organisms.  In  the  hybrid 
Drosophila  melanogaster  $  X  /).  dmiilans  ^  the  chromosomes  fail 
to  pair  in  certain  places  although  they  seem  to  be  structurally 
similar.  This  might  be  due  to  invisible  differences,  but  in  view  of 
the  behaviour  found  in  D.  sinmlans  it  is  more  likely  to  be  due  to 
the  pairing  being  genotypically  controlled,  and  in  the  hybrid  partially 
inhibited  (Patau,  1935). 

Secondly,  b}^  comparing  these  differences  with  the  crossing-over 
properties  and  phenotypic  expression  of  the  heterozygotes  and 
homozygotes  of  the  changed  types  it  has  been  possible  for  Muller 
and  his  collaborators  to  introduce  a  new  criterion  of  the  gene  :  to 
find  out  that  the  unit  of  structural  change,  the  smallest  piece  into 
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which  the  chromosome  can  be  broken,  corresponds  so  far  as  can  be 
seen  with  the  unit  of  structure,  the  smallest  chromomere  visible  in 
ultra-violet  photographs,  and  both  are  smaller  than  the  unit  of 
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FiG.  62. — Left  :  comparative  linkage  maps  of  the  right  arms  of 
the  third  chromosome  in  D.  melanogastes  and  D.  simulans 
(Sturtevant,  1929) .  Right  :  pairing  of  these  chromosomes  in  the 
sahvary  gland  of  the  hybrid  between  these  species.  Above  ;  the 
two  fourth  chromosomes  of  the  species.  Below  :  mitotic  chromo- 
somes of  D.  melanogaster ,  (J.     (Patau,  1935.) 

crossing-over  (Ellenhorn,  Prokofieva  and  MuUer,  1935).  The  total 
complement  of  Drosophila  melanogaster,  which  is  less  than  a  millimetre 
long,  probably  contains  over  4,000  of  these  units.  Furthermore 
Bridges  (1935)  has  been  able  to  show  from  a  detailed  description 
of  the  whole  complement  of  normal  flies  that  the  band-pattern 
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is  often  repeated  ;    there  has  been  a  duplication  of  translocated 
segments  in  the  history  of  the  species. 

The  relationship  of  the  enlarged  chromosomes  with  those  found 
in  ordinary  mitotic  and  meiotic  nuclei  has  been  traced  by  Roller 
(1935).     As  the  nucleus  grows  the  chromosome  threads  become 
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Fig.  63. — Complete  nucleus  in    the    O   hybrid,  D.  pseudo-obscura, 

Race  A  X  Race  B,  showing  the  presence  of  five  inversions  and 

one  possible  deletion,    x  750  (Roller,  1935).    In  opposite  corners 

the    mitotic    chromosomes  of  these  two  races   {S)   are  shown. 

X  3000  (D.,  1934). 


thicker  and  it  is  presumably  during  this  stage  that  they  multiply 
by  division.  They  show  the  relic  coils  characteristic  of  a  mitotic 
prophase  and  consistent  for  given  arms  of  a  chromosome.  In  this 
condition  they  pair.  They  then  show  (but  much  more  clearly  on 
account  of  their  great  size)  the  relational  coiling  seen  between 
meiotic  partners  at  pachytene.     The  torsion  that  produces  this 
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coiling  sometimes  leads  to  abnormalities  corresponding  to  the  non- 
homologous pairing  found  at  meiosis.  Thus  an  intercalary  unpaired 
piece  of  chromosome  may  coil  round  itself  and  prevent  regular 
association.  On  the  other  hand,  where  an  inversion  is  present  the 
coiling  seems  to  be  a  necessary  preliminary  to  the  formation  of  a 
reversed  loop. 

Mechanically  therefore  we  can  look  upon  the  salivary  gland 
nuclei  as  in  a  state  of  permanent  prophase  in  which  two  special 
properties  are  developed  to  excess.  These  are  the  properties  of  gene- 
reproduction  and  gene-attraction.  Since,  as  we  shall  see  elsewhere, 
reproduction  must  itself  be  regarded  as  a  function  of  attraction  (for 
materials  in  the  substrate)  this  is  not  surprising.  The  result  is  to 
produce  an  enormously  greater  bulk  of  the  gene  materials,  or  at 
least  of  those  which  are  physiologically  active,  a  bulk  comparable 
with  that  found  in  glandular  cells  elsewhere  which  are  polyploid, 
but  continue  to  undergo  mitosis. 

Abnormalities  of  pairing  arise  in  homozygous  individuals  of 
Drosophila  in  two  ways.  First  the  reduplication  of  segments  leads 
to  pairing  within  the  chromosome  as  well  as  between  chromosomes 
(Bridges,  1935).  Secondly,  owing  to  internal  torsion  an  intercalary 
unpaired  segment  may  become  coiled  round  itself  and  then  this  coil 
breaks  its  normal  pairing  (KoUer,  1935).  These  abnormalities, 
like  the  normal  behaviour  in  structural  hybrids,  agree  well  with 
what  we  know  of  the  pachytene  stage  of  meiosis  in  similar  organisms. 
They  therefore  extend  our  knowledge  of  structural  change,  of  the 
hybrids  resulting  from  it,  in  nature  and  in  experiment,  and  of  the 
effect  of  this  hybridity  on  the  processes  of  germ -cell  formation. 


CHAPTER   VI 
THE    BEHAVIOUR    OF   POLYPLOIDS 

Autopolyploids  and  Allopolyploids — Origin  in  Experiment — Meiosis  in 
Allopolyploids — Differential  Affinity — Autosyndesis — Classification  of  Polyploid 
Species. 

The  production  of  an  indubitable  sterile  hybrid  from  completely  fertile 
parents  which  have  arisen  under  critical  observ^ation  from  a  single  common 
origin  is  the  event  for  which  we  wait. 

Bateson,  1922. 

I.   THE   ORIGIN   OF   POLYPLOIDS   IN   EXPERIMENT 

A  POLYPLOID  is  an  organism  with  more  than  two  complete  sets  of 
chromosomes  (Ch.  III).  When  the  chromosome  number  is  doubled 
in  a  homozygous  diploid  such  as  Datura  Stramonium,  the  new 
organism  has  four  identical  sets  of  chromosomes.  Such  a  form  is 
known  as  an  Autopolyploid  (Kihara  and  Ono,  1926).  Its 
chromosome  complement  can  be  represented  as  of  the  constitution 
A  ^A  ^A  ^A  j^,  B iB ^B ^B j^,  and  so  on.  Its  chromosomes  have  a  high 
frequency  of  quadrivalent  formation,  subject  to  random  chiasma 
formation  amongst  the  four  homologues  of  each  kind  (Ch.  IV). 
Where  the  chiasma  frequency  is  low,  as  in  the  short  chromosomes 
of  Hyacinthus  and  in  some  chromosomes  of  Solanum  and 
Primula,  bivalents  are  formed  instead  in  a  proportion  of  cells  {v. 
infra) . 

In  contradistinction  to  the  autopolyploid,  the  product  of  doubling 
in  hybrids  is  known  as  an  Allopolyploid.  The  first  of  this  type 
to  be  discovered  and  understood  was  in  the  genus  Pygcera,  but 
apart  from  this  moth  our  knowledge  of  allopolyploids  is  derived 
exclusively  from  the  flowering  plants.  If  we  take  the  diploid 
hybrid  to  be  made  up  of  pairs  of  chromosomes  A^A^,,  B^B^ — we 
may  represent  the  tetraploid  as  A^A^,  A^A^,  B-^B^,  B^B2.  Such 
an  allotetraploid  is  homozygous  inasmuch  as  it  may  be  derived 
immediately  from  the  union  of  two  genetically  identical  gametes  ; 
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but  it  is  also  heterozygous  inasmuch  as  its  complement  contains 
two  dissimilar  pairs  of  gametic  sets.  How  this  affects  its  behaviour 
we  shall  see  later.  But  first  we  must  make  an  arbitrary  but  con- 
venient distinction  between  different  kinds  of  allopolyploids.  On 
the  other  hand,  there  are  those  derived  from  doubling  in  defined 
structural  hybrids ;  where  these  are  interchange  heterozygotes 
pairing  occurs  between  parts  of  structurally  dissimilar  chromosomes, 
and  associations  are  formed  correspondingly  larger  than  those  of 
the  diploid  (Ch.  V).  This  group  has  been  considered  earlier  because 
it  agrees  with  autopolyploids  in  having  no  differentiation  between 
the  corresponding  chromosomes  such  as  seriously  interferes  with 
their  pairing  at  meiosis. 

On  the  other  hand,  the  typical  allopolyploids  are  derived  from 
undefined  hybrids  ;  they  show  a  gradation  in  behaviour  from  those 
with  slight  to  those  with  strong  differentiation  between  the 
homologues  derived  from  opposite  parents.  At  the  extreme  in  one 
direction  is  such  a  hybrid  as  Crepis  rubra  x  C.  fcetida  in  which  the 
difference  between  the  parents  is  so  slight  that  the  diploid  has 
complete  pairing  and  the  tetraploid  derived  from  it  behaves  like  an 
autopolyploid  and  occasionally  forms  five  quadrivalents.  In  an 
intermediate  position  is  the  hybrid  Primula  kewensis :  in  the 
diploid  pairing  is  complete,  but  in  the  tetraploid  derived  from  it 
only  a  small  proportion  of  quadrivalents  are  formed.  At  the 
extreme  in  the  other  direction  is  Raphanus-Brassica.  In  the 
diploid  no  pairing  occurs ;  in  the  tetraploid  there  are  no 
quadrivalents  ;  pairing  is  simple,  complete  and  regular.  Both  the 
Primula  and  Raphanus-Brassica  types  breed  approximately  true 
and  are  highly  fertile.  They  are,  therefore,  with  a  slight  qualification 
functionally  diploid.  Frequently  from  crosses  between  such 
allotetraploids,  through  doubling  again,  oct opioids  have  been 
produced,  and  from  crosses  with  diploids  the  triploids  resulting  have 
given  rise  to  hexaploids.  These  polyploids  must  be  considered 
along  with  the  original  tetraploids  both  in  regard  to  origin  and 
behaviour.  The}^  may  be,  in  relation  to  their  immediate  allopoly- 
ploid parents,  themselves  autotetraploid  or  allotetraploid.  Thus  the 
allohexaploid  species,  Solanum  nigrum  (2n  =  72),  yields  an  auto- 
tetraploid  sport    by    doubling    {2n  =  144),    while   its   pentaploid 
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hybrid  with  5.  luteum  (2n  =  48)  gives  an  allotetraploid  sport 
(2n  =  120),  which  is,  in  relation  to  the  basic  number  of  the  genus,  a 
decaploid. 

Table  24A 
Chromosome  Association  in  Polyploids 

Species  (giving  auto-tetraploids) 

Datura  Stramonium  (12).     Belling,  1927  ;  2x  :  12"  ;  4X  :  12^^. 
Primula  sinensis  (12).     D.,   1931  a]    2x  :  12"  \     4X  :  g-ii^"^ ; 

6  -  2". 
Solanum  Lycopersicum  (12).      2x  :  12"  ;   ^x  \y  —  11^^',  10  —  2" 

Lesley,  1930  ;   i  -  8'\  22  -  8",  Upcott,  1935. 

Undefined  Hybrids  (giving  allo-tetraploids) 

Crepis  rubra  x  C.  foetida  (5).      Poole,  1931  ;     2a;  :  5"  ;    4X  : 

o  -  5^\  10  -  o". 
Primula  kewensis  {g) .    {P.florihunda  x  P.verticillata.)    Newton 

and  Pellew,  1929  ;    2a;  :  9"  ;    4X  \  o  —  3'^,  18  —  12". 
Triticum  dicoccoides  (14)  x  Mgilops  ovata  (14).     Kihara  and 

Nishiyama,  1930  ;  2a:  :  o  —  3",  28  —  22^ ;  4x\  o^^  28". 
Digitalis    mertonensis    (28).       (Z>.    purpurea  X  Z).    ambigua.) 

Buxton  and  Newton,  1928  ;     2x  :  ^  —  12",  46  —  32' ;  ^a;  : 

o^  56". 
Raphanus-Brassica   (9).      Karpechenko,    1927  ;    2x  :  0",    18' ; 

4x :  0'^  18". 

The  mechanically  diploid  behaviour  of  the  allotetraploid  means 
that  the  corresponding  chromosomes  that  pair  and  pass  to  opposite 
poles  to  yield  identical  gametes,  must  always  be  those  from  the  same 
ancestral  diploid  parent  and  not  those  from  opposite  parents. 
Thus  in  hybrids  of  the  Primula  kewensis  type,  the  diploid  has 
pairing  of  the  homologues  derived  from  opposite  species,  but  its 
tetraploid  descendants  have  not.  Such  a  difference  in  behaviour 
may  be  described  as  due  to  a  "  differential  affinity  "  (D.,  1928) 
whose  significance  in  relation  to  prophase  behaviour  will  be  con- 
sidered later. 
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In  Primula  kewensis  the  corresponding  chromosomes  of  the 
diploid  parents,  P.florihunda  and  P.  verticillata,  are  not  sufficiently 
different  to  inhibit  their  pairing  in  the  diploid  hybrid.  Such  a  lack 
of  differentiation  is  associated  with  two  abnormalities  in  the 
tetraploid  :  (i)  Chromosomes  of  opposite  parents  occasionally  pair 
(in  quadrivalents  or  bivalents)  and  pass  to  opposite  poles.  The 
progeny  therefore  differ  in  the  proportions  of  the  chromosomes  of 
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Fig.  64, — Diagram  showing  how  chromosomes  pair  and  segregate  in 
a  sterile  diploid  hybrid,  such  as  Primula  kewensis,  by  somatic 
doubling  and  in  the  fertile  tetraploid  derived  from  it  (neglecting 
the  consequences  of  crossing-over).  The  first  gives  various 
new  (untested)  combinations  of  chromosomes,  the  second  gives 
uniformly  the  same  combination  that  the  parent  had.  (From 
D.,  1932  h.) 

the  two  species  present.  Moreover,  owing  presumably  to  this  pairing 
being  accompanied  by  crossing-over  the  normal  type  can  never 
again  be  recovered  from  its  aberrant  offspring,  (ii)  Quadrivalents 
are  formed  which  sometimes  divide  unequally  (as  in  the  auto- 
tetraploid  Dahtra,  Primula  sinensis  and  Dadylis),  giving,  therefore, 
gametes  with  17  and  19  chromosomes  instead  of  18,  and  progeny 
with  34,  35  and  37  chromosomes  instead  of  36.  These  differ  from 
the  normal  tetraploid  both  owing  to  a  change  in  proportion  within 
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the  set  of  nine  and  owing  to  a  change  in  the  proportionate  influence 
of  the  two  species.  Such  plants,  particularly  those  with  34  chromo- 
somes, which  have  2  chromosomes  of  one  type  and  4  of  the  other  8 
types,  are  less  fertile  than  the  normal  tetraploid  (cf.  Ch.  VIII). 

Plants  derived  from  hybrids  between  species  with  different 
numbers  {e.g.,  diploid  and  tetraploid  Nicotiana)  may  show  a  com- 
bination of  the  two  extremes  in  the  same  nucleus.  The  Nicotiana 
riistica-panicidata  hybrid  is  a  triploid  of  this  kind  with  12  pairs  and 


Table  25 
Fertility  Showing  the  Origin  of  Polyploids  after  Hybridisation 
I.  Failure  of  Reduction  {F^  more  fertile  than  F-^ 


Raphanus    X    Brassica,  Karpechenko, 

1927  a. 
Digitalis  purpurea  X  D.  ainbigtta,  Buxton 

and  Newton,  1928. 
Phleum  pratense   x    P.  alpinum,  Gregor 

and  Sansome,  1930. 
^gilotricum,  Kihara  and  Katayama,  1931 
Crepis  rubra  X  C.futida,  Poole,  1931. 


Fertility  of  Fj. 
45  seeds  per  plant. 

200  seedlings  in  two  plants. 

11-5  seeds  perplant. 

2  7  ears  gave  5  seedlings. 
50  seeds  from  42  heads. 

9  seedlings  (3,  2x  ;  s, 

3X\  1,4^). 


Fertility  of  F,. 
30  seeds  per  pod. 

400  seeds  per  capsule. 

400  seeds  per  plant. 

61  per  cent,  fertile. 
55  seeds  from  22  heads. 


2.  Somatic  Doubling  (F^  of  equal  or  reduced  fertility). 


Nicotiana    glulinosa     X      A^     Tabacum, 
Clausen     and    Goodspeed,     1925  ; 
Clausen,  1928. 

Primula  keweusis  ;  cf.  Sansome,  193 1. 


Solarium  nigrum  x  S.  luteum,  j0rgensen, 
1928. 


155  seeds  per  fruit. 


No  greater. 


30,  90  and   180  seeds  per       122  seedlings  per  capsule. 

capsule. 
287  germinated. 
8-1 1  seeds  per  capsule  {i.e.,      No  greater. 

25  percent.). 
("  Completely  sterile  " 

before  doubling). 


12  univalents.  Doubling,  it  gives  rise  to  a  hexaploid  ;  this  has 
two  identical  sets  that  pair  with  no  other  sets  and  therefore  appear 
regularly  as  12  bivalents,  and  it  has  four  sets  which  form  fluctuating 
numbers  of  quadrivalents  and  bivalents. 

The  sharp  difference  in  chromosome  behaviour  between  the 
allotetraploid  and  its  hybrid  parent  causes  a  difference  in  fertility  ; 
this  affords  a  means  of  determining  the  exact  time  and  therefore 
mode  of  its  origin,  which  would  not  otherwise  be  clear  in  all  cases. 
The  doubhng  of  the  chromosome  number  occurs  in  two  ways  :  by 
failure  of  separation  of  two  groups  of  chromosomes  in  a  somatic 
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mitosis  and  by  failure  of  such  separation  at  one  of  the  two  meiotic 
divisions,  giving  in  consequence  "unreduced"  gametes.  Where 
the  tetraploid  arises  by  doubling  in  the  somatic  tissue  of  the  first 
generation  (F^)  hybrid,  the  affected  shoot  of  this  plant  is  as  fertile 
as  the  progeny  {Fc^  it  gives  rise  to,  or  even  more  so.  Where  it 
arises  from  failure  of  reduction  in  both  male  and  female  germ- 
cells  in  the  F-^  their  successful  union  can  only  be  occasional ;  the 
F^  has  therefore  the  characteristic  sterility  of  hybrids  and  the  F^ 
is  the  first  to  regain  full  fertility  (cf.  Sansome,  1931).  The  contrast, 
it  should  be  noted,  is  not  so  striking  in  the  Crepis  hybrid  because 
it  is  not  entirely  sterile  as  a  diploid  ;  it  gives  diploid  and  triploid 
as  well  as  tetraploid  progeny.  Further,  it  should  be  noted  that 
frequent  syndiploidy  at  divisions  immediately  before  meiosis  will 
be  indistinguishable  from  failure  of  reduction  except  by  direct 
observation. 

Hybrid  polyploids  that  have  arisen  in  experiment  may  be 
provisionally  classified  in  accordance  with  these  considerations,  and 
with  direct  chromosome  counts,  as  in  Table  26. 

{Note  on  Table  26.  The  female  parent  is  given  first.  The 
numbers  in  brackets  are  the  gametic  numbers  of  the  parents.  In 
the  first  column  are  the  somatic  numbers  of  the  offspring  before 
doubling  (F^)  and  in  the  second  column  the  numbers  after  doubling 
(F^  or  Fg).  Where  the  failure  of  reduction  occurs  in  the  parent  the 
first  column  is  therefore  blank.  The  initials  in  the  second  column 
represent  the  sets  of  chromosomes  of  parental  species.  Classes  A 
to  D  show  doubling  of  the  contributions  of  both  parents,  classes  E 
to  H,  of  that  of  only  one  parent). 

These  observations  show  that  allopolyploids  have  arisen  in  five 
ways.  In  the  first,  type  A,  a  fertile  shoot  usually  appears  which  is 
readily  distinguishable  in  the  otherwise  sterile  hybrid,  but  the 
doubling  may  occur  so  early  in  the  development  that,  as  in  certain 
cases  of  haploid  parthenogenesis,  the  whole  plant  has  the  double 
number.  In  type  B,  the  hybrid  is  usually  highly  sterile,  but 
produces,  here  and  there,  viable  seeds.  In  some  hybrids  a  few  of 
these  seeds  have  the  same  chromosome  number  as  their  parent, 
or  they  result  from  doubling  on  one  side  only  so  that  they  are 
relatively  triploid  (e.g.,  in  Crepis  and  Nicotiana  rustica-paniculata) . 
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In  these  instances,  the  rest  of  the  seedlings,  and  in  other  instances, 
all  of  them,  have  double  the  chromosome  number  of  the  parent  ; 
diploid  gives  tetraploid,  triploid  gives  hexaploid,  and  so  on.  In 
type  C,  a  triploid  hybrid  is  produced  through  the  fertilisation  of  an 
unreduced  e^^  by  a  reduced  pollen  grain.  This  triploid,  like  most 
triploids,  produces  again  an  unreduced  (triploid)  egg  which  is 
fertilised  by  a  reduced  pollen  grain  of  the  second  species  again. 
In  this  way  the  doubling  is  achieved  in  two  stages,  which  provide 

P.florihunda         P.yerficil/ata 
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Fig.  65. — The  origin  of  the  tetraploid  Primula  kewensis,  illustrated 
by  drawings  of  mitotis  ;  the  diploid  hybrid  and  P.  verticillata 
are  in  early  anaphase.  X  2500,  (after  Newton  and  Pellew, 
1929.) 

excellent  illustrations  of  the  difference  in  genetic  effect  of  one  and 
two  sets  of  one  species  combined  with  two  of  the  other  [e.g.,  in 
Raphanus-Brassica  and  Rubus). 

In  type  D,  a  triploid  arises  in  the  same  way.  It  has  three  pairs 
of  Crepis  capillaris  chromosomes  and  four  unpaired  C.  tedorum 
chromosomes.  When  selfed  it  produces  a  tetraploid,  together  with 
other  products  of  the  random  segregation  of  the  extra  set  of  unpaired 
chromosomes.  The  reason  why  a  tetraploid  has  arisen  in  this  way 
in  Crepis  and  not  elsewhere  is  evident ;  only  where  the  chromosome 
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number  is  small  will  the  triploid  produce  a  moderate  proportion  of 
gametes  having  all  the  extra  chromosomes,  owing  to  their  being 
distributed  at  random  at  meiosis  (Ch.  VIII).  Further,  of  the  diploid 
gametes  most  are  evidently  ehminatcd  ;  since  they  should  combine 
as  frequently  as  haploids,  \'et  only  one  tetraploid  appeared  in  a 
family  along  with  59  diploids  (Table  49). 

In  type  E,  tetraploid  and  diploid  species  are  crossed,  and,  side  by 
side  with  the  expected  triploid  seedlings,  tetraploids  are  found, 
differing  from  them  in  the  preponderant  influence  of  one  parent  and 
although  they  are  not  simple  allotetraploids,  in  greater  fertility. 
In  the  Ruhtis  hybrid  some  quadrivalents  are  formed,  as  they  were 
in  its  tetraploid  parent,  and  genetic  results  show  that  the  pairing  in 
some  types  of  chromosomes  is  between  those  derived  from  the  same 
parent,  and  in  others  at  random  among  the  four  homologues. 

In  crosses  between  races  or  species  with  different  chromosome 
numbers  we  often  find  that  exceptional  unreduced  gametes  are 
favoured  at  the  expense  of  reduced  gametes.  Thus  in  the  following 
crosses  the  normally  reduced  gametes  on  the  diploid  side  rarely 
function,  and  tetraploid  seedlings  may  outnumber  triploids  : — 

Primula  sinensis  (^x)  x  P.  sinensis  (2x).     D.,  1931  a. 
Campanula  persicifolia   {2%)  X  C.  persicifolia   {^x).     Gairdner 
and  D.,  1931). 

Similarly  the  cross  of  diploid  Chrysanthemum  Makinoi  with  a  high 
polyploid  species  succeeded  only  with  the  polyploids  as  male 
parents  and  in  every  case  with  tetraploid  egg-cells  produced  by 
failure  of  both  meiotic  divisions  in  the  diploid  female  parent  (Table 
26). 

The  greater  success  of  the  unreduced  or  even  doubled  gametes 
than  the  haploid  in  some  circumstances  has  an  important  bearing 
on  interspecific  crossing.  Diploid  Brassica  oleracea  (n  =  9)  is 
useless  in  crossing  with  B.  chinensis  (n  =  10)  and  B.  carinata,  but 
tetraploid  B.  oleracea  gives  highly  satisfactory  results.  Thus 
doubling  of  the  chromosome  number  makes  possible  interspecific 
crosses  that  would  otherwise  fail  (Karpechenko,  1935). 

In  polyploid  crosses  a  few  cases  of  unexpected  and  so  far  in- 
explicable chromosome  distribution  have  been  found  (Table  27). 
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Table  27 
Polyploid  Hybrids  with  Abnormalities  of  Chromosome  Constitution 

Newton  and  Pellew,  1929.     Primula  kewensis  {:\x)  selfed.     Seedlings,  2w  =  20 

26. 
Steere,    1932.     Petunia    axillaris    {2x  =  14)  x  P.    hybrida    {^x  =  28).     F^, 

all  2x. 
Shimotomai,  1933.     Chrysanthemum  marginatum  (io;>^  =  90)  x  C  lavandula- 

folium  {2x  =  18).     One  seedling  8x. 
Nishiyama,  1933.     Avena  fatua  {6x  =  42)  X  A.  barbata  {^x  =  28).     Fj,  ^x  ; 

Fg.  6a;  ;   F^  (one  plant  resembling  A.  strigosa)  2x. 
Darlington,  1933.     Prunus  avium  {2x  =  16)  X  P.  cerasus  {^x  =  32).     Three 

seedlings  2x  (Knight's  hybrids). 
East,     1934.     Fragaria    vesca    {2x  =  14)  x  F.    virginiana    {Sx  =  56).     One 

seedling  2x. 
Karpechenko,  1935.     Brassica  oleracea,  green  {ix  =  18)  x  {B.  oleracea,  red  X 

Raphanus  sativus,  ^x).     Progeny  all  2x  and  heterozygous,  red-green. 

Brassica    oleracea    {2X  —  18)  x  {Raphanus    sativus  x  B.    oleracea,    4A-). 
Progeny  all  ^x. 

Some  of  these  abnormalities  may  be  due  to  male  parthenogenesis 
or  to  irregular  fusion  of  nuclei  in  the  egg  (cf.  Bergman,  1935,  on 
Leontodon).  Others  may  be  related  to  unexplained  abnormalities 
of  mitosis  that  have  been  occasionally  found  in  polyploids  (e.g., 
Huskins,  1934).  An  explanation  of  others  again  may  be  found 
perhaps  in  analogy  with  double  fertilisation  in  echinoderms,  which 
leads  to  the  formation  of  spindles  with  three  or  four  poles  and 
hence  to  irregular  reduction  in  the  chromosome  number  (Boveri, 
1907).  In  the  Brassica-Raphanus  hybrid,  however,  the  nature  of 
the  abnormality  has  been  accurately  defined  by  using  red  cabbage 
for  the  parent  of  the  tetraploid  hybrid  and  green  for  the  diploid. 
The  diploid  progeny  were  heterozygous  and  were  therefore  true 
crosses.  The  tetraploid  hybrid  which  has  Brassica  as  the  female 
parent  therefore  produced  haploid  Brassica  pollen  and  hence 
diploid  offspring.  On  the  other  hand  the  tetraploid  hybrids  derived 
from  Raphanus  as  the  female  parent  produce  normal  diploid  pollen 
and  hence  triploid  offspring. 

The  progeny  were  abnormal  in  being  diploid  only  when  Brassica 
was  the  maternal  parent  of  the  first  cross.  Evidently  the  Raphanus 
chromosomes  were  all  lost  at  meiosis  in  the  jp^.  Presumably  at 
this  stage  there  is  an  abnormal  reaction  between  the  Raphanus 
chromosomes  or  their  centromeres  and  the  Brassica  cytoplasm  or 
its  spindle-determining  agents. 

R.A.   CYTOLOGY.  7 
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2.   PAIRING.  SEGREGATION    AND   FERTILITY 

When  we  compare  polyploids  with  the  diploids  from  which  they 
have  arisen  we  find  a  sharp  change  in  the  choice  of  partners  and 
consequent  segregation  amongst  homologous  chromosomes  and  at 
the  same  time  a  sharp  change  in  fertility.  From  this  we  can  learn 
something  important  about  the  physiological  action  of  the  chromo- 
somes. At  present,  however,  we  are  concerned  merely  with 
inferring  the  constitution  of  polyploid  species  and  other  old  poly- 
ploid forms  from  our  knowledge  of  the  constitution  of  new  ones. 

The  increase  in  fertility  in  sterile  diploids  is  in  sharp  contrast 

^.  msticanas     R.  thyrstger 
inermis 


(AA) 


(BBCC) 


RT2  RT4 
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/'-t: 


(ABC)  (AABC) 


Fig.  66. — The  origin  of  the  tetraploid  "  RT4  "  and  triploid  "  RT2  " 
from  a  cross  between  two  Ruhus  species,  illustrated  by  mitotic 
metaphas3s.     A,  B  and  C  represent  sets  of  seven  chromosomes. 
X  2000  (after  Crane  and  D.,  1927). 

with  the  decrease  which  is  always  found  in  fertile  diploids  that 
double  their  chromosome  number.  In  the  following  examples  the 
tetraploid  produced  is  less  fertile  than  the  diploid  : — 

Table  28 

Autotetraploids  with  Reduced  Fertility 

CE.  Lamarckiana  .  .     Lutz,  1907  a  ;   Gates,  1909. 

Datura  Stramonium     .  .     Blakeslee  et  al.,  1923. 

Primula  sinensis  .  .     C/.  D.,  1931  a. 
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Solanum  nigrum 
5.  Ly coper sicum 
Canna  aureo-vittata 
Campanula  persicifolia 
Lathyrus  odoratus 

Funaria  hygrometrica  . 


)  j0rgensen,    1928  ;     cf.    Upcott, 

)      1935- 
Honing,  1928. 

Gairdner  and  D.,  1931. 
Faberge,         1935  ;  Upcott, 

unpub. 
V.  Wettstein,  1924. 


These  are  all  autotetraploids  except  the  structurally  heterozygous 
(Enothera,  which  may  be  considered  as  an  autopolyploid  for  this 
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Fig.  68. 


Figs.  67  and  68. — Pollen  grains  of  Solanum.     Fig.  67. — S.  nigrum  : 

a,  X  (haploid)  ;  h,  ix  ;  c,  ^x  ;  d,  ^x.     Fig.  68. — a,  S.  nigrum  {2x). 

b,  S.  luteum.     c,  the  diploid  hybrid,     d,  the  tetraploid  hybrid. 
X  160  (from  Jorgensen,  1928). 

purpose,  since,  as  has  been  seen,  the  differences  between  its 
homologues  are  so  arranged  as  not  to  interfere  with  pairing.  In 
Funaria,  v.  Wettstein  found  that  auto-octoploids  produced 
artificially  without  hybridisation  were  sterile.  When  octoploids 
were  similarly  raised  from  hybrids  between  different  species  and 
genera  they  were  fertile,  the  diploid  l^brids  being  sterile  except 
in  the  production  of  unreduced  gametes  (cf.  Burgeff,  1930  ;  Haupt, 
1932  ;    Schweizer,  1932  ;   Allen,  1935). 

Further,  diploid  hybrids  of  intermediate  fertility  give  tetraploids 
of  intermediate  fertility  and  with  an  intermediate  frequency  of 
quadrivalents,    e.g.,    in    Vicia    (Schweschnikova,    1929    h),    Crepis 
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(Poole,  1931)  and  Aquilegia  (Skalinska,  1935).  It  may  therefore 
be  said  that  there  is  negative  correlation  between  the  fertility  of 
diploids  and  that  of  the  tetraploids  to  which  they  give  rise  (D., 
1928).  The  reason  for  this  is  evident.  Two  factors  go  to  reduce 
generational  fertility  :  (i)  the  segregation  of  dissimilar  chromosomes 
(chiefly  in  the  hybrid  diploid)  ;  (ii)  the  unequal  segregation  of 
multivalents  (chiefly  in  the  autotetraploid).  And  the  greater  the 
dissimilarities  in  the  diploid,  the  more  regularly  do  the  identical 
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Fig.  69. — Diagram  showing  the  basis  of  the  inverse  correlation  of 
fertiHty  of  diploid  and  tetraploid.  The  fertile  diploid  gives 
a  tetraploid  with  quadrivalents  having  inherently  irregular 
division.  The  fertile  tetraploid  is  derived  from  a  diploid  having 
segregation  of  dissimilar  chromosomes. 

chromosomes  pair  in  the  allotetraploid  derived  from  it,  and  there- 
fore the  less  frequent  are  the  multivalents  in  the  tetraploid.  Multi- 
valents are  invariably  liable  to  segregate  unequally  {e.g.,  Datura, 
Belling  and  Blakeslee,  1924  ;  Prunus,  D.,  1928  ;  Primula,  D., 
1931  a),  and  give  rise  to  gametes  and  zygotes  of  reduced  viability. 
The  generalisation  is  therefore  universally  applicable  subject  to 
three  qualifications  : — 

{a)  The  chromosomes  must  be  capable  of  forming  multivalents 
as  they  universally  appear  to  be. 
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(h)  The  chromosomes  of  the  haploid  set  must  be  numerous. 

Crepis  iectorum  with  4  chromosomes  gives  a  relatively  fertile 
tetraploid  because  the  chance  of  unbalance  is  reduced. 

(c)  There  is  a  correlation  between  the  genetic  differentiation  of 
the  chromosomes  of  species  and  their  structural  differentiation. 
In  other  words,  structural  changes  have  always  occurred  along  with 
other  genetic  changes  and  prevent  the  pairing  of  the  chromosomes 
in  hybridity.  This  follows  from  our  earlier  conclusion  that  all  inter- 
specific hybrids  are  also  structural  hybrids. 

{d)  The  chromosomes  of  each  set  must  be  qualitatively 
differentiated  in  a  fairly  high  degree.  This  third  condition  is  not 
applicable  to  high  polyploids  (such  as  Rumex  Hydrolapathum, 
2n  =  200,  Kihara  and  Ono,  1926  ;  and  Prunus  Laurocerasus , 
2n  =  180,  Meurman,  1929  a),  nor  apparently  to  Hyacinthus 
orientalis,  for  this  species  combines  high  fertility  of  the  triploid  with 
viability  of  unbalanced  forms  and  lack  of  differentiation  amongst 
them  (D.,  1929  h).  Its  chromosomes  are  therefore  not  qualitatively 
differentiated  within  the  set  (Ch.  VIII). 

3.   POLYPLOID   SPECIES 

In  about  half  the  species  of  the  angiosperms  the  gametic 
chromosome  number  is  a  multiple  of  that  found  in  some  related 
species,  the  chromosomes  being  themselves  comparable  in  the  two 
forms.  From  this  alone  it  is  clear  that  they  owe  their  origin  to 
polyploidy,  tetraploids  being  derived  from  crosses  between  diploids 
and  diploids,  hexaploids  from  crosses  between  tetraploids  and 
diploids,  and  so  on.  They  may  therefore  be  expected  to  resemble 
the  polyploids  produced  in  experiment. 

Winge  (1917),  in  a  remarkable  survey  of  these  conditions,  first 
suggested  that  they  were  likely  to  be  of  the  type  derived  from 
hybridisation  (allopolyploids).  He  considered  that  the  need  for  a 
partner  with  which  a  chromosome  could  pair  would  stimulate 
doubling  in  hybrids.  This  teleological  argument  led  to  a  sound 
general  conclusion,  although  the  argument  itself  is  admissible  only 
as  a  figure  of  speech.  Somatic  doubling  probably  occurs  no  more 
freely  in  haploids  (in  which  the  chromosomes  have  no  regular 
partner)  and  in  hybrids  (in  which  they  have  no  effective  partners) 
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than  in  homozygous  diploids  ;  it  is  more  frequently  noticed  in 
haploids  and  hybrids  because  of  the  striking  change  it  produces  in 
them.  Gametic  doubling  or  failure  of  reduction  does  occur  more 
freely  in  haploids  and  hybrids,  but  for  the  demonstrable  reason  that 
meiosis  has  proved  unworkable — and  not  in  anticipation  of  its  doing 
so  (Ch.  X). 

The  observations  of  the  relative  fertility  of  auto-  and  allo- 
tetraploids  provide  sufficient  reason  for  supposing  that  polyploid 
species  will  be  of  the  hybrid  kind  where  they  depend  on  their  sexual 
fertility  for  their  reproduction.  The  evidence  of  the  relationship 
of  the  constituent  gametic  sets  of  polyploids  {i.e.,  of  the  extent  to 
which  they  are  alio-  or  auto-polyploid)  is  provided  by  a  series  of 
observations  which,  owing  to  their  importance  for  the  theory  of 
chromosome  pairing,  may  be  conveniently  considered  in  relation  to 
"  differential  affinity." 

4.  DIFFERENTIAL  AFFINITY  :  AUTOSYNDESIS 
In  the  diploid  Primula  kewensis  the  nine  chromosomes  of  P. 
verticillata  pair  with  the  nine  chromosomes  of  P.  florihunda,  their 
presumed  homologues.  In  the  tetraploid,  however,  each  chromo- 
some pairs  with  its  identical  mate,  florihunda  with  florihunda 
and  verticillata  with  verticillata.  Only  exceptionally  one,  two  or 
three  quadrivalents  are  formed  through  all  four  homologues 
associating.  The  explanation  of  this  difference  lies  in  the  method 
of  pairing  amongst  the  similar  threads  at  zygotene  and  of  chiasma 
formation  in  the  paired  threads  at  diplotene,  described  in  polyploids. 
If  florihunda  and  verticillata  chromosomes  can  only  pair  in  half 
their  length  at  pachytene  this  will  probably  suffice  to  ensure  regular 
metaphase  pairing  by  the  formation  of  one  chiasma  in  the  diploid 
hybrid.  In  the  tetraploid  their  chance  of  forming  a  chiasma  would 
be  reduced  by  two-thirds  if  the  similar  parts  continued  to  pair  at 
random.  But  from  what  we  now  know  of  the  structural  differences 
between  species  we  cannot  assume  that  the  differences  in  undefined 
hybrids  are  so  simple  as  here  suggested.  Probably  such  portions 
of  the  corresponding  chromosomes  as  can  pair  are  distributed  in 
several  segments.  There  will  then  be  several  differences  of  linear 
sequence  (or  changes  of  homology)  in  the  dissimilar  chromosomes. 
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Since  the  chromosomes  in  polyploids  behave  at  zygotene  as  though 
they  consisted  of  a  small  number  of  "  pairing  blocks  "  each  of  these 
changes  of  homology  will  prevent  pairing  in  the  block  affected, 
while  pairing  between  identical  chromosomes  will  proceed  un- 
obstructed. Thus  the  existence  of  limited  numbers  of  effective 
pairing  blocks  means  that  similar  parts  of  dissimilar  chromosomes, 
if  they  are  short,  do  not  pair  at  random  in  a  polyploid.  There  is 
competition  in  pairing  :  hence  the  differential  affinity  of  dissimilar 
chromosomes  in  the  presence  and  in  the  absence  of  identical  partners 
(D.,  1928). 

An  analogous  observation  has  been  made  on  a  triploid  hybrid 
containing  two  sets  of  Crepis  capillaris  and  one  of  Crepis  tectorum 
(Hollingshead,  1930  b).  The  tectorum  chromosomes  are  regularly 
left  unpaired,  although  they  pair  with  the  capillaris  chromosomes 
in  the  diploid  hybrid.  Similarly  the  two  Y  chromosomes  of  Rumex 
Acetosa  regularly  pair  with  the  corresponding  parts  of  the 
X  chromosome  in  the  diploid,  but  in  the  triploid  which  contains 
X  X  Yi  Y2  they  are  left  unpaired  (Ono,  1928).  The  two  X's  are 
completely  identical  and  pair  to  the  exclusion  of  the  Y's,  which 
may  be  inferred  from  this  to  be  identical  with  them  only  in  small 
segments  (Ch.  IX).  The  most  striking  examples  of  differential 
affinity  are  shown  by  the  pairing  of  chromosomes  in  the  haploid 
progeny  of  true  diploids  which  have  perfectly  regular  pairing.  This 
will  be  described  in  another  connection  (Ch.  VIII). 

Differential  affinity  is  characteristic  of  the  behaviour  of 
homologous  chromosomes  of  different  sets  in  allopolyploid  species, 
as  compared  with  that  in  their  "  haploid,"  "  triploid,"  and 
hybrid  derivatives.  In  these  derivatives,  chromosomes  derived 
from  the  same  parental  gamete  pair  with  one  another,  although 
such  pairing  rarely  occurs  in  the  normal  "  homozygous  "  polyploid 
species,  where  each  has  an  identical  mate.  In  these  circumstances 
the  change  in  conditions  seen  in  the  doubling  of  the  diploid  Primula 
kewensis  is  reversed,  and  it  is  possible  to  understand  the  relationship 
that  the  natural  polyploid  has  to  the  product  of  experiment  such  as 
Primula  kewensis. 

This  "  internal  pairing  "  is  known  as  autosyndesis  and  is  opposed  to 
allosyndesis,  the  pairing  of  homologous  chromosomes  derived  from 
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opposite  parents  in  a  hybrid  (Ljungdahl,  1924).  Both  consist  in 
the  pairing  of  dissimilar  chromosomes,  and  the  distinction  does  not 
arise  in  a  true-breeding  plant  where  identical  chromosomes  pair. 
The  distinction  between  the  two  is  merely  relative  to  the  immediate 
parents,  but  the  occurrence  of  autosyndesis  is  significant  in  an 
allopolyploid's  derivatives  because  it  means  that  chromosomes 
pair  in  the  absence  of  identical  mates,  although  they  rarely  or  never 
pair  in  the  presence  of  such  mates. 

The  distinction  may  be  shown  by  symbols  as  follows  (the  hyphen 
joins  the  chromosomes  that  pass  to  opposite  poles  following  pair- 
ing) :— 

Hybrid 


/\x 

Parents 

Allosynd 

iesis 

Autosyndesis 

A,- A, 

a-^-a^ 

^i-«i 

or 

Ai-a2 

^1-^2 

A.  2~A  2 

«2-«2 

Ji.  2 — ^2 

^2-^1 

a^-a2 

Bx-B, 

h,-h. 

B,-h^ 

B,-b, 

B1-B2 

B2-B2 

^2-^2 

B2-b2 

B2-h2 

bi-b^ 

etc. 

etc. 

etc. 

etc. 

etc. 

Autosyndesis  occurs  in  allopolyploids  under  the  following 
conditions  : — 

1.  In  the  normal  polyploid  species  as  an  exceptional  occurrence. 
Thus  quadrivalents  are  occasionally  found  in  the  tetraploid  Primula 
kewensis  and  in  many  allopolyploid  species.  In  the  hexaploids 
Triticum  vulgar e  and  Avena  sativa  quadrivalents  are  found  (Huskins, 
1927,  1928).  In  all  these  instances  aberrant  offspring  appear  which 
evidently  result  from  the  segregation  of  dissimilar  chromosomes 
(i.e.f  through  exceptional  autosyndesis),  since  they  have  in  a  more 
marked  degree  the  characters  of  one  of  the  parental  species  (in 
Primula  kewensis)  or  of  an  ancestral  species  (in  Triticum  and 
Avena).  In  aberrant  plants  of  Avena  sativa  a  genotypic  abnormality 
prevents  the  chromosomes,  or  some  of  them,  from  pairing.  These 
chromosomes  or  parts  of  chromosomes  are  therefore  removed  from 
competition.  Autosyndesis  occurs  and  multivalents  are  more 
frequently  formed  than  in  the  regular  and  normal  type  (Ch.  X). 

2.  In  the  "  haploid  "  derived  partheno genetically  from  a  polyploid. 
Thus  if  Solanum  nigrum  (6x)  consists  of  six  sets,  AABBCC,  its 
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"  haploid  "  has  the  constitution  ABC,  and  is,  relative  to  its  basic 
number,  a  triploid  (jx).  Pairing  takes  place  between  chromosomes 
of  the  different  sets.  From  5  to  12  bivalents  in  the  pollen  mother- 
cells  and  in  the  embryo-sac  mother-cell  even  some  trivalents  are 
formed.  Haploids  derived  from  other  polyploids  have  shown  less 
autosyndesis. 

Table  28a. 
Chromosome  Pairing  in  Polyhaploids 

Triticum  compactum   (6x  =  42),   o  —  3".      Gaines  and  Aase, 

1926. 
Nicotiana     Tahacum     (4X  =  48),     o  —  3".        Chipman     and 

Goodspeed,  1927  ;   Lammerts,  1934. 
Digitalis  mertonensis  (i6x  =  112),  5  —  12".      Buxton  and  D. 

1932. 
Mgilotricum  (Sx  =  56),  o  —  3".     Katayama,  1935. 
Solanum  nigrum  {6x  =  72)  5  —  12".     Jorgensen,  1928 

In  these  species  the  chromosomes  are  so  far  different  that  they  pair 
very  little  even  in  the  absence  of  competition.  The  species  are 
approaching  the  condition  of  simple  diploids.  The  variation  found 
in  pairing  in  all  these  "  poly-haploids  "  as  they  are  described  by 
Katayama,  is  characteristic  of  that  of  the  diploid,  triploid  and  other 
hybrids  with  which  they  correspond.  In  Digitalis  and  Mgilotricum 
the  process  of  doubling  by  which  the  new  species  arose  from  a 
diploid  hybrid  has  been  reversed  in  the  origin  of  the  haploid  form 
from  it  by  parthenogenesis. 

3.  In  "  triploids"  that  have  arisen  through  the  functioning  of  an 
unreduced  gamete.  These  have  each  of  the  dissimilar  sets  of 
chromosomes  reproduced  identically  three  times.  Thus  a  tetraploid 
AABB  gives  a  "  triploid  "  AAABBB.  Since  only  two  chromosomes 
can  pair  at  any  one  point  at  pachytene,  the  third  set  of  A  is  left  out 
of  combination,  and  is  therefore  (at  any  one  point)  in  the  same 
relationship  to  the  corresponding  but  dissimilar  set  of  B  as  it  would 
be  in  a  polyhaploid  AB.  Chromosomes  of  different  sets  will 
therefore  sometimes  pair.     But  at  other  points  such  third-chromo- 
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somes  will  be  free  to  pair  with  their  identical  homologues,  so  that 
sexivalents  will  occasionally  be  formed  as  well  as  bivalents  derived 
from  autosyndesis  within  the  third  complement.  Such  is  the 
condition  in  "  triploid  "  Pynis  Mains  (Nebel,  1929  ;  D.  and  Moffett, 
1930),  the  diploid  form  of  which  is  a  secondary  polyploid  (q.v.). 
Seventeen  bivalents  are  formed  in  the  diploid  ;  quadrivalents  are 
rare.     But  in  the  "  triploid  "  more  than  seventeen  bivalents  are 

Fig.  70. — First  metaphase  in  pollen  mother-cells  of  Pyrus  [x  —  ly). 
Left,  diploid  forms  showing  one  or  two  exceptional  quadrivalents. 
Right,  triploids  :  below,  2},  5",  71",  I'v,  ivi^  jvn  ;  above,  51, 
10",  6'",  2IV.      X  2500  (from  D.  and  Moffett,  1930). 

usually  formed  and  frequently  associations  of  six,  i.e.,  the  third  set 
pair  among  themselves  (Fig.  70). 

4.  In  hybrids  of  hexaploids,  octoploids  and  higher  polyploids  with 
diploids.  Two,  three  or  more  sets  of  the  polyploid  are  naturally 
left  without  a  partner,  as  they  are  in  a  haploid  and  triploid.  They 
are  frequently  found  to  pair  by  autosyndesis.  The  diploid-hexaploid 
hybrid  not  only  has  the  chromosome  number  of  a  tetraploid  but  also 
behaves  like  one  in  pairing.  In  one  such  case  {Primus)  quadrivalents 
are  frequently  found  in  the  hybrid,  so  that  pairing  is  taking  place 
between  all  three  sets  of  the  polyploid  parent  (Fig.  71).  In 
other  cases  (Crepis  and  Papaver)  the  hybrid  can  again  be  crossed 
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with  a  diploid  species  and  again  3'ield  a  hybrid  with  complete 
pairing,  thus  : — 

lox  X  2x  =  6x  (ja;"),  6x  X  2x  =  4X  (2a:"). 

Here  also  pairing  is  occurring  between  all  the  sets  of  the  polyploid. 
5.  In  hybrids  between  two  tetraploid  species.  Most  of  the 
chromosomes  may  fail  to  pair  altogether,  but  some  quadrivalents 
are  found  as  in  the  first  and  fourth  cases.  Higher  configurations 
often  occur  in  the  hybrid  than  in  its  polyploid  parent,  although 

Fig.  71. — Side  views  of  the  pairing  chromosomes  at  first  metaphase  : 
a,  in  Primus  cerasifera,  n  =  8;  b,  in  P.  domestica,  n  —  2^;  c,  in 
the  hybrid,  P.  domestica  X  P.  cerasifera,  n  =  16.  X  3000.  {b, 
from  Mather,  unpubHshed  ;   c,  from  D.,  1930  a.) 

very  little  pairing  occurs  at  all  (Kihara  and  Nishiyama,  1930  ; 
V.  Fig.  72  ;  Kattermann,  1931).  This  condition  is  found  in  hybrids 
between  two  tetraploids  {Triticum-^Egilops,  Kihara,  1929)  and  in 
Viola  hybrids  (e.g.,  V.  nana  and  V .  lutea,  J.  Clausen,  1931  c).  The 
formation  of  multivalents  makes  it  possible  to  prove  the  occurrence 
of  autosyndesis  in  a  hybrid  between  two  tetraploids.  Thus  in  the 
cross  jEgilops  cylindrica  (4%  =  28)  by  ^.  triuncialis  (4X  =  28)  a 
trivalent  was  sometimes  found  together  with  6  to  11  bivalents 
(Kagawa,  1931).  The  trivalent  could  only  arise  through  pairing  of 
chromosomes  derived  from  the  same  gamete,  if  not  with  one  another 
at  least  with  the  same  chromosome  derived  from  the  other  gamete. 
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Thus  autosyndesis  occurs  in  the  hybrids  when  it  does  not  occur  in 
their  parents. 

The    simplest    case    of    this    is    the    formation    of    occasional 

I   (    }  V^  9   I 


of  I  j(<<lr» 
(  t.  I '  till* 


■][J10IH»V.V. 

Fig.  72. — First  metaphase  in  the  tetraploid  hybrid  {^x  =  28)  of 
Triticum  Spelta  {dx)  X  T.  cBgilopoides  {zx)  showing  tiie  variation 
in  pairing  from  nucleus  to  nucleus.  A,  I'v  +  5"  +  141  ;  B, 
iiii  _j_  511  -j.  151  ;  c.  2I"  +  4"  +  141  :  D,  I"!  +  7"  +  III; 
E,  ID"  +  8'.  All  chiasmata  are  terminal  or  subterminal. 
X  1400  (from  Kihara  and  Nishiyama,  1930.     Cf.  Fig.  58). 

quadrivalents  by  the  hybrid  between  the  tetraploid  species  Triticum 
turgidum  and  T.  durum  which  themselves  have  simple  pairing  as  a 
rule  (D.,  1 93 1  d).  This  indicates  that  among  the  pairs  also  in  this 
hybrid  there  may  be  some  consisting  of  chromosomes  derived  from 
the  same  parent.     Thus  segregation  of  the  characters  carried  by 
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the  ultimate  diploid  parents  may  be  expected.  This  "  secondary 
segregation ' '  has  been  found  in  the  progeny  of  similar  crosses  in 
Triticum  (cf  D.,  1928),  and  is  probably  characteristic  of  hybrids 
between  allopolyploids  (cf.  Philp,  1934). 

Finally  there  are  hybrids  (especially  triploids)  where  the 
relationships  of  the  pairing  chromosomes  cannot  be  stated  with 
certainty.  In  the  Drosera  hybrid  (Rosenberg,  1909)  it  was  assumed 
that  the  unpaired  chromosomes  were  those  of  the  tetraploid  parent, 
but  they  may  (at  least  in  part)  be  those  of  the  diploid  as  a  result  of 
autosyndesis.  Similarly,  in  the  Beta  hybrid  it  is  not  possible  to 
know  the  provenance  of  the  pairing  chromosomes  [cf.  Table  28  D). 

The  different  kinds  of  autosyndesis  may  be  summarised,  giving 
the  same  chromosome  type  the  same  capital  letter,  but  a  different 
number  when  dissimilar,  as  follows  : — 

1.  Allotetraploid  species  {4X,  2x  pairs)  :  A^^-A^,  A^-A^,  B^-B^, 
B2-B2,  etc.,  shows  exceptional  autosyndesis,  A1-A1-A2-A2, 
B^-B^,  B2-B2,  etc. 

2.  "  Haploid  "  derived  from  it  by  parthenogenesis,  or  diploid 
hybrid  giving  rise  to  it  by  doubling  {2x,  x  pairs)  shows  autosyndesis  : 
A1-A2,  B1-B2,  etc. 

3.  "  Triploid  "  derived  from  tetraploid  by  fusion  of  reduced  and 
unreduced  gametes  {6x)  shows  autosyndesis  : — 

A  I— A  I,  A  I— A  2,  A  2— A  2,  B^—B^,  etc. 
or  A  ^-A  ^-A  ^-A  2,  A  2-A  2,  ^i-^i,  etc. 
or  A  i-A  i-A  i-A  2-A  2-A  2,  B^-B^,  etc. 

4.  Hybrid  with  another  tetraploid  species  (^3-^3,  A^-A^,  B^-B^, 
etc.)  (4%)  shows  autosyndesis  : — 

A1—A2,  A^—A^,  B1—B2,  BgrB^ 
or  A  i-A  2-A  ^-A  4,  etc. 
or  yi  J,  A  2}  ■^  3 — ■^4>  etc. 
(allosyndesis  being   A  ^-A  3,  A  2-A  4,  B^-B^,  etc.;. 

5.  Hybrid  of  a  hexaploid  species  {6x,  jx  pairs)  :  A^-A^,  A  2-A  2, 
^13-^3,  B^-B^,  etc.,  and  a  diploid  species  (2x,  x  pairs),  A^-A^,  B^-B^, 
etc.  (4x)  shows  autosyndesis  : — 

A1-A2,  A^-A^,  ^1-^2.  etc. 
or  A  ^-A  ^-A  ^-A  4,  etc. 
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Pachy^cr^c  Diplo^er^e 


M 


Triplci(iy 


Fig.  73. — Diagram  showing  the  method  of  pairing  in  an  allotetraploid 
species  and  in  the  "  haploid  "  and  "  triploid  "  derived  from  it  on 
the  assumption  that  the  dissimilar  chromosomes  are  similar  and 
capable  of  pairing,  in  the  absence  of  competition,  in  half  their 
length.  M,  metaphase  ;  black,  similar  segments  ;  white  and 
hatched,  dissimilar  ones.  Note  :  pairing  of  dissimilar  chromo- 
somes is  inevitable  in  "  haploid  "  and  "  triploid  "  but  only  possible 
in  the  face  of  competition  in  the  species,  whence  differential 
affinity.  (i)  and  (ii)  are  alternative  possibilities  with  and 
without  autosyndesis. 

The  conditions  determining  these  results  may  be  explained  on 
the  assumptions  (i)  that  the  differences  which  reduce  pairing  at 
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pachytene  are  structural ;  (ii)  that  pairing  is  limited  amongst 
identical  segments  in  a  polyploid  when  they  are  not  in  the  same 
sequence  throughout  the  chromosomes  ;  and  (iii)  that  pairing  at 
metaphase  is  determined  by  the  formation  of  chiasmata  in  the 
pachytene  thread  proportionate  in  number  to  the  length  paired. 
The  causal  sequence  is  illustrated  in  the  diagram  (Fig.  73). 

On  such  assumptions  the  corresponding  chromosomes  derived 
from  opposite  species  might  be  represented  as  a  series  of  gene-blocks 
or  segments  ahcdefg  and  adfgbe.  When  two  such  chromosomes  are 
free  to  pair  together  they  may  do  so  with  great  regularit}^  but  in 
the  presence  of  identical  mates  (in  the  normal  allotetraploid  of  the 
constitution  ahcdefg,  ahcdefg  and  adfgbe,  adfghe)  they  will  rarely  if 
ever  pair,  on  account  of  d,  h  and  e  being  in  a  different  sequence 
in  the  chromosomes  of  the  two  species.  These  observations  of 
differential  affinity  are  therefore  in  accordance  with  the  theories  of 
structural  hybridity  and  chromosome  pairing  arrived  at  on  other 
grounds. 

All  the  different  conditions  of  autosyndesis  have  not  been  obtained 
in  one  and  the  same  polyploid,  but  it  is  possible  to  associate  groups 
of  species  according  to  their  behaviour  in  autosyndesis,  since, 
whatever  the  conditions,  this  pairing  indicates  a  certain  degree  of 
similarity  between  the  pairing  chromosomes.  The  classification  is 
arbitrary,  the  more  so  since  the  observations  on  which  it  is  founded 
have  generally  been  defective  in  two  ways  :  (i)  they  have  taken 
little  account  of  variations  in  the  frequency  of  pairing  from  cell  to 
cell ;  (ii)  they  have  overlooked  the  formation  of  multivalents. 
Comparison,  however,  shows  a  close  analogy  between  the  results  of 
the  synthesis  of  new  species  by  doubling  and  analysis  of  old  species 
by  parthenogenesis  and  hybridisation.  It  shows  in  allopolyploid 
species  a  range  of  variation  from  the  Primula  kewensis  type  to  the 
Raphanus-Brassica  type. 

5.  CLASSIFICATION   OF   POLYPLOID   SPECIES 

Observations  of  differential  affinity  show  that  every  gradation 
occurs  in  the  relationship  of  the  homologous  chromosomes  in  the 
gametic  complement  of  polyploids.  As  a  rule  these  chromosomes 
can  be  considered  in  sets,  for  the  same  conditions  have  operated 
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to  secure  the  degree  of  differentiation  found  between  pairs  of 
homologues  in  any  two.  The  different  kinds  of  polyploid  species 
may  therefore  be  classified,  arbitrarily  but  conveniently,  in  three 
groups. 

The  first  class  includes  those  in  which  autosyndesis  never  occurs 
in  haploids,  triploids  or  hybrids,  or  a  fortiori  in  the  normal  species. 
This  extreme  of  differentiation,  found  in  Nicotiana  Tahacum  and  in 
Triticiim  compactum,  is  analogous  to  that  in  the  Raphanus-Brassica 
tetraploid.  It  is  probably  found  most  generally  in  old  established 
sexually-propagated  annual  species. 

The  second  class  consists  of  those  species  with  imperfect 
differentiation.  The  pairing  observed  in  Bromus  eredus  may  serve 
as  a  type  of  behaviour  in  this  group.  Table  31  shows  pairing  in 
one  plant ;  in  others  a  sexivalent  and  octavalent  were  found.  The 
occurrence  of  univalents  in  9  per  cent,  of  the  cells  is  probably 
due  to  mechanical  interference  with  pairing  at  zygotene  as  in 
tetraploid  Primula  sinensis,  and  is  therefore  a  symptom  of 
autopolyploidy. 

Following  is  a  list  of  similar  species  whose  pairing  is  normally 
and  "  legitimately,"  as  we  may  say,  that  of  diploids,  but  in  which 
multivalents  are  occasionally  and  illegitimately  formed.  In  these, 
more  or  less  autosyndesis  is  found,  or  is  to  be  expected,  in  haploids 
and  hybrids.  Experimental  breeders  are  treading  on  dangerous 
ground  when  they  treat  such  species  as  functional  diploids. 


Table  30 
Polyploid  Species  of  an  Intermediate  Type 


Rumex  Acetosella  {6x,  42) 
Triticum  vulgare  {6x,  42) 
Avena  saliva  {6x,  42) 
Bromus  erectus  eu-erectus  {8x 
Rubus  thyrsiger  {4X,  28) 
Prunus  domestica  {6x,  48) 
P.  spinosa  {4X,  32) 
P.  laurocerasus  {22X,  176) 
Pyrus  Malus  {4-6X,  34) 
Cardamine  pratensis  {4X,  30) 
Ly thrum  Salicaria  {6x,  30) 
Tulipa  stellata  {4X,  48) 
Veronica  spp.  {4X,  68)   . 
Helianthus  tuberosus  {6x,  102 


56) 


Kihara,  1927  ;   Ono,  1930. 
Winge,  1924  ;    Huskins,  1928. 
Huskins,  1927. 
Kattermann,  1931. 
Crane  and  D.,  1927. 

D.,  1930  a. 

Meurman,  1929  a. 

D.  and  Moffett,  1930  [v.  p.  224). 

Lawrence,  1931  b. 

Shinke,  1929. 

D.  and  Janaki-Ammal,  1932. 

Graze,  I935- 

Kostoff,  1934. 
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Pairing  in  an   Intermediate  Octoploid   Plant,   Bromus  erectus  var. 
eu-erecius  (2n  =  56  =  8x,  Kattermann,  1931) 


Type  of  pairing  . 
Number  of  cells  . 


28" 

2l 

iiii  -j-  II 

2in 

Iiv 

2iv 

Not 
Determined. 

1,006 

99 

5 

2 

II 

2 

26 

Total. 
1. 151 


The  third  class  consists  of  species  in  which  there  is  no  clear 
differentiation  of  the  corresponding  chromosome  sets.     They  may 


^Y  to. 


Fig.  74. — First  metaphase  in  Tulipa  Clusiana  (5r  =  60)  showing  8 
univalents  (hatched),  15  bivalents,  3  trivalents,  2  quadrivalents 
and  one  quinquevalent.  X  4000  (from  Newton  and  D., 
1929). 

even,  in  some  forms,  be  considered  identical.  In  others  they  may 
be  equally  dissimilar.  They  occur  as  triploids  (the  result  of  doubling 
in  one  parental  gamete)  tetraploids  (the  result  of  doubling  in  both 
parental  gametes  or  somatically  and  pentaploids  (the  result  of 
doubling  on  two  occasions).  The  tetraploids  are  of  somewhat 
reduced  fertility,  while  the  triploids  and  pentaploids  are  almost 
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entirely  sterile.     In  this  they  resemble  polyploid  species  that  are 

interchange  heterozygotes,  and  must  depend  entirely  on  vegetative 

propagation  for  their  continued  existence. 

With  these  species,  polyploids  having  the  behaviour  of  simple 

structural  heterozygotes  may  conveniently  be  considered,  for  the 

reasons  given  earlier. 

Table  32 

Autopolyploid  Species  and  Mutants  (cf.  Table  37) 
(basic  numbers  in  brackets) 

A.  Triploids  {cf.  Table  19  (6)  ) 

I.  Wild  Species  [i.e.,  clonal  species  asexually  reproduced)  : — 

Takenaka   and   Nagamatsu,    1930 
[v.  Table  15). 

D.,  unpublished. 

D.,  unpublished. 

Sinoto,  1929. 

Jaretzky,  1930. 

Nishiyama,  1928. 

Takenaka,  1930. 

Matsuura,  1935. 
.     D,,  1936  d. 

Karasawa,  1933. 
.     Nagao,  1933. 

Levan,  1933  <^- 

Upcott  (unpublished). 
.     Vandel,  1927  {v.  Ch.  XI). 


I 


Lilium  tigrinum  (12) 

Tulipa  prcscox  {12) 
Tulipa  saxatilis  (12) 
Hydrilla  verticillata  (8) 
Alnus  cordata,  etc.  (7)  . 
Lycoris  radiata  (11) 
L.  squamigera  (9) 
Fritillaria  camtschatcensis  (12] 
Fritillaria  spp.  (12  and  13)    . 
Crocus  sativus  (8) 
Narcissus  spp. 
Allium  carinatum  (8)     . 
Tulipa  lanata  (12) 
Trichoniscus  provisorius  (8)    . 


2.  Mutants  of  Species  (occasional  progeny  from  unreduced  gametes)  : — 


3^, 


Bridges,  192 1  a  ;    Metz,  1926. 
Navashin,  1926. 

Ono,  1928,  1930,  1935  ;    Ono  and 
Shimotomai,  1928. 

Sorokin,  1927  a. 

Randolph  and  McClintock,  1926  ; 

McClintock,  1929  (7-10"'). 
Ruttle,     1928  ;      Avery,     1929 

(monosomic  diploid  selfed). 
Wettstein,  1928. 
Allen,  1935,  a  and  b. 
Morinaga  and  Fukushima,  1933. 
Bostian,  1936. 
Kawaguchi,  1933. 
Upcott  and  La  Cour,  1936. 

3.  Cultivated  Forms  (vegetatively  propagated)  : — 
Hyacinthus  orientalis  (8)         .  .  .     De    Mol,     1923  ;      Belling,     1925, 

1927  ;     D.,    1926,    1929    (highly 

fertile) . 
Tulipa  Gesneriana  vars.  (12)  .  .     De  Mol,   1929  ;    Newton  and  D., 

1929  ;     Upcott    and    La    Cour, 

1936. 


Drosophila  melanogaster  (4) 

Crepis  capillar  is  (3)        . 

Rumex  Acetosa   (8)    (discovered  through 

examination  of  intersexes). 
Ranunculus     acris      (6)      (probably 

gynodimorphic) 
Zea  Mays  (10)      . 

Nicotiana  alata  (9)         .  .  . 

Funaria  hygrometrica  (7) 
Sphcsrocarpos  Donnellii  (8)     . 
Oryza  saliva  (10) 
Habrobracon  juglandis  {10) 
Bombyx  mori  (29) 
Tulipa  Clusiana  (12)     . 
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Canna  spp.  (9) 
Fritillaria  pudica  (13)  . 
F.  latifolia  major  (12),  etc. 
Iris  japonica  {18) 
I .  florentina  (16)  . 
Narcissus  poeticus  var.  (7) 
Hemerocallis  fulva  (11) 
Morus  spp.  (14)    . 
Primus  Mume  (8) 
P.  serrulata,  etc.  (8) 
Pyrus  Malus  vars.  (17) 
Cratcsgus  monogyna  var. 
Primula  Sieholdii  (12)   . 
TAea  sinensis  (15) 
Agave  cartula  (30) 
Nasturtium  officinale  {16) 

4.  Experimental  Hybrids 

Vicia  Cracca  (7) 
Solanum  Ly coper sicum  (12) 
Datura  Stramonium  (12) 
Primula  sinensis  (12)     . 
Campanula  persicifolia  (8) 
Nicotiana  Tabacum  (24) 


2;*;  X 


^) 


Belling,  1921,  1925^. 

D..  1936. 

D..  1936. 

Kazao,  1929. 

Kazao,  1929. 

Nagao,  1929. 

Belling,  1925  ^  ;    Takenaka,  1929. 

Osawa,  1921  (parthenocarpic) . 

Okabe,  1928. 

Okabe,  1928  (11  vars.  jx  ;   30,  2x). 

Rybin,  1927  ;  D.  and  Moffett,  1930. 

Moffett,  1 93 1,  a  and  b. 

Ono,  1927. 

Karasawa,  1932. 

Doughty,  unpub. 

Manton,  1932. 

Sveshnikova,  1929. 

M.  M.  Lesley,  1929  (9-10"') • 

Belling,  1927  (i2"i). 

Dark,  1931  (8-9I"). 

Gairdner  and  D.,  1931  (3-5"')- 

Goodspeed,  1930  (X-rayed). 


B,  Tetraploids  {cf.  Table  19  (c)  ) 


1.  Wild  Species  : — 

A  vena  elatior  (7)  . 

Prunus  Cerasus  (certain  forms)  (8) 

Allium  schcenoprasum  var.  sibiricum  (8) 

Dactylis  glomerata  (7)    . 

Allium  oleraceum  (8) 

A.  schcenoprasum  (8) 

Tulipa  turkestanica  (12) 

T.  Whittalli  (12)  . 

Veronica  Tournefortii  (8) 

2.  Mutants  of  Species  :— 
Amblystegium  serpens  (11) 
Funaria  hygrometrica  (7) 
Primula  sinensis  (12)     . 
Datura  Stramonium.  (12) 
Solanum  Ly  coper  sicum  (12) 

S.  nigrum  (36) 
Citrus  Limonum,  etc.  (9) 
Crepis  capillaris  (3) 
C.  tectorum  (4) 
Primula  obconica  (12)    . 
P.  malacoides  (9) 


Campanula  persicifolia  (8) 

Nothoscordon  bivalve  (8) 
N.  fragrans  (8) 


Kattermann,  1931. 

D.,  1928. 

Levan,  1931. 

Miintzing,  1933. 

Levan,  1933  a. 

Levan,  1935  b. 

Upcott  and  La  Cour,  1936. 

Upcott  and  La  Cour,  1936. 

Beatus,  1934. 

E.  and  E,  Marchal,  191 1,  1912. 

V.  Wettstein,  1924,  1928. 

Cf.  D.,  1931  a. 

Cf.  Blakeslee  et  al.,  1923. 

Jorgensen,  1928  ;     Lesley,  1930  ; 

and  Sansome,  1931. 
Jorgensen,  1928. 
Frost,  1925. 
Navashin,  1926. 
Navashin,  1926  (fertile). 
Sansome  and  Philp,  1932. 
Newton    {cf.    Tischler,     1931)   I 

Philp,  unpublished  ; 

Kattermann,  1935. 
Gairdner,    1926   ;       Gairdner  and 

D.,  1931- 
Beal,  1932. 
Matsuura  and  Suto,  i935- 
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C.  Pentaploids 

1 .  Wild  Species  : — 

Tulipa  Clusiana  (12)     ....     Newton     and     D.,      1929     (Figs. 

60-61). 
Ochna  serrulata  (7)  .  .  .  .      Chiarugi  and  Francini,  1930. 

Agave  sisalana  (30)         ....      Doughty,  unpub. 

2.  Mutant  of  Species  : — 

Crepis  tectorum  (5)         .  •  •  •      Navashin,  1926  (Fig.  13). 

D.  Hexaploid 

2.  Mutant  of  Species  : — 
Rumex  acetosa  (8)  .  .  .  .     Yamamoto.  1935. 

E.  OCTOPLOID 

I.  Wild  Species  : — 
Crepis  biennis  (5)  ....     Collins,  Hollingshead  and  Avery, 

1929  ;  cf.  Babcock,  and  Cameron, 

1934. 

The  triploids  form  a  majority  of  trivalents,  the  tetraploids  a 
majority  of  quadrivalents.  The  higher  configurations  possible  in 
the  pentaploids  necessarily  make  the  kind  of  association  more 
variable,  but  it  is  characteristically  different  from  that  in 
allopentaploids.  Thus  in  pentaploid  Triticum  and  Nicotiana 
(Kihara  and  Nishiyama,  1930  ;  and  Webber,  1930)  four  chromosome 
sets  are  associated  as  pairs,  and  the  fifth  is  chiefly  unpaired,  although 
they  may  take  part  in  trivalents  (Brieger,  1928  ;  Table  29).  A 
pentaploid  hybrid  species  of  Agropyrum  is  presumably  of  this  type 
(Simonet,  1934).  Chromosome  behaviour  in  the  pentaploid  species 
Ochna  serrulata,  Agave  sisalana  and  Tulipa  Clusiana  is  entirely 
different.  They  both  form  a  high  proportion  of  multivalents 
(Fig.  74).  A  new  mutant  autopentaploid  (such  as  that  found  by 
Navashin,  1926,  in  Crepis  capillaris)  has  not  yet  been  examined  for 
comparison,  but  from  what  we  know  of  the  behaviour  of  auto- 
triploids  and  tetraploids,  these  pentaploids  must  be  of  this  kind. 
It  is,  however,  possible  on  cytological  grounds  that  they  consist  of 
five  sets,  equally  (and  not  strongly)  differentiated.  These  species 
are  sexually  almost  sterile,  the  one  reproducing  by  apomixis,  the 
other  by  suckers  and  by  bulbs.    They  are  clonal  species. 

This  last  class  of  polyploids  includes  high  multiples,  which 
probably  always  have  different  degrees  of  relationship  between 
different  sets,  for  two  reasons  :  the  complexity  of  their  origin  and 
the  lower  effectiveness  of  balance  in  acquiring  constant  allopoly- 
ploidy.    The  characteristic  of  these  species  is  variability  in  the 
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chromosome  number.  This  variability  arises  in  two  ways.  In 
sexually  reproducing  species  the  irregular  segregation  of  the  multi- 
valents gives  gametes  with  various  numbers  ;  owing  to  the  high 
gametic  number  the  unbalance  of  these  is  less  serious  than  it  would 
be  in  low  polyploids,  and  they  are  not  eliminated  (v.  Ch.  VIII). 


tfO 


50 


T\Ochna   SerruUfa.     (Ciimrug,  tmJ  fptneim)  455  cAra. 

I      \ 

I  \ 

I  V 

/  \ 

/  \ 

/  /\Tu/lpa   c/us/ana      (/\/eu>fo,i  3„J  lLr/,nffwt)  300  chrs 


Types  of  Co/ifi^uraNons. 


Fig.  75. — Graph  showing  the  percentages  of  different  types  of 
configuration  in  two  autopentaploid  species  at  meiosis  in  the 
pollen  mother-cells.  The  more  frequent  high  configurations  in 
Tidipa  Clusiana  are  probably  due  to  a  higher  chiasma  frequency  ; 
cf.  Yamamoto,  1935,  on  autohexaploid  Rumex. 

In  the  polyploid  species  of  Agave,  on  the  other  hand,  the  smaller 
chromosomes  are  frequently  distributed  unevenly  at  mitosis,  and 
owing  to  their  presence  being  indifferent  in  a  high  polyploid  they 
are  often  lost.  The  result  is  that  the  tetraploid  and  pentaploid 
species  have  the  full  complement  of  five  long  chromosomes  regularly 
multiplied,  while  the  short  chromosomes  are  lacking  to  a  variable 
extent. 
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Following  is  a  list  of  species  of  this  type  with  the  numbers  of 
somatic  chromosomes  found  or  inferred  in  each. 

Table  33 

Polyploid  Species  with  Variable  Numbers 

Cochlearia  anglica,  37-44, 49,  50  .     Crane  and  Gairdner,  1923. 

Salix  triandra,  38,  44  .  .     Blackburn  and  Harrison,  1924. 

Prunus  laurocerasus  (22a;  =  176),    Meurman,  1929. 

ca,  176 

Crepis  biennis  {8x  =  40),  ;^g-4^  .  )  HoUingshead      and      Babcock, 

C.  ciliata,  40-42         .  .  .  f      1930  ;   Babcock,  1935. 

Viola  canina,  40-47  .  .  -J-  Clausen,  1931  b. 

V,  Battaudieri,  52-60  .  -J.  Clausen,  1931  c. 

A£;avesisalana(^x  =  i<,o),i^S-i4^)  T^       ,^  , 

/  -7  J,   .    r  0  J'   ^o     ^^     Doughty,  unpub. 

A.  Zapiipe  (4%  —  120),  ca.\\o.\ 

Chrysanthemum  ornaium  (8x=y 2),    Shimotomai,  1933. 
72-74. 

6.  THE   DEVELOPMENT   OF  THE   POLYPLOID   SPECIES 

(i)  Introduction.  The  increase  of  chromosome  number  by  which 
a  polyploid  arises  has  been  reversed  in  experiment,  first,  by  crossing 
an  autopolyploid  with  its  diploid  relatives  and  selfing  the  triploid 
progeny,  or  back-crossing  them  to  the  diploid  (as  in  Solanum, 
Campanula,  Primula  sinensis)  ;  or,  secondly,  by  parthenogenesis, 
in  which  an  autotetraploid  gives  its  fertile  diploid  parent  (as  in 
Campanula,  Gairdner  and  D.,  1931),  and  an  allotetraploid  gives  its 
sterile  diploid  parent  (as  in  Digitalis,  Buxton  and  D.,  1931).  Thus 
when  the  allopolyploid  reverts  to  the  diploid,  sterility  is  produced, 
which  can  only  be  got  rid  of  by  another  doubling  of  the  chromosome 
number.  Chromosome  doubling  in  a  hybrid  must  therefore  be  an 
irreversible  process  in  nature.  On  these  and  other  grounds  it  is  to 
be  supposed  that  polyploid  species  are  often  of  great  antiquity,  and 
this  suggests  two  problems  :  How  is  a  polyploid  species  to  be 
recognised  as  such  ?  And  how  do  polyploid  species  change  after 
their  origin  ?     The  second  problem  will  be  considered  first. 

(ii)  Variation  in  Cell  Size.     External  and  developmental  factors 
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influence  the  size  of  the  cell  and  of  its  nucleus,  but,  these  factors 
being  equal,  the  size  might  be  expected  to  be  proportionate  to  the 
number  of  chromosomes  of  which  the  nucleus  is  constituted  when 
the  number  is  simply  doubled  or  halved.  This  condition  is  realised 
immediately  after  the  formation  of  a  new  nucleus  in  the  pollen. 
Diploid  pollen  grains  have  1-25  times  the  linear  dimensions  and 
twice  the  bulk  of  haploid  pollen  grains  (Belling  on  Uvularia,  1925  ; 
Solanum,  Fig.  67).  The  same  applies  with  certain  restrictions 
to  the  cells  of  all  parts  of  the  organism,  and  is  equally  true  of  the 
polyploid  derivatives  of  hybrids  and  pure  forms,  as  shown  by 
V.  Wettstein  (1924)  with  diploid,  tetraploid  and  octoploid  mosses, 
and  by  the  other  authors  cited. 

Table  34 
Observations  of  Cell  Size  in  Haploids,  Diploids  and  Polyploids 

Animals  : — 

Drbsophila  melanogaster  {x,  2x,  jx) 

Artemia  salina  {2x,  4X,  wild  races) 

Trichoniscus  provisorius   {2x,  jx,  wild 
races)  .... 

Plants  : — 

Datura  x,  2x,  4x) 


Crepis  {x,  2x)  .... 
Crepis  capillaris  {x,  2X,  jx,  4X)  . 
(Enothera  {x,  2x) 

Raphanus-Brassica  {2x,  jx,  4X,  6x) 

Nicotiana  digluta  {2X,  4x)  . 

Funaria,  etc.  {2x,  4X,  8x) 

Uvularia  {x,  2x) 

Solanum  {x,  2x) 

Tradescantia  {x,  x  -{-  1,  x  -\-  2,  etc.) 


Bridges,  1925  b. 
Artom,  1928. 

Vandel,  1927  h. 


Blakeslee,    1922    ;       Belling    and 

Blakeslee,  1927. 
Hollingshead,  1928. 
Navashin,  1931  h. 
Emerson,     1929     ;        Gates    and 

Goodwin,  1931. 
Karpechenko,  1927,  a  and  b. 
Clausen  and  Goodspeed,  1925. 
V.  Wettstein,  1924. 
Belling,  1925  (pollen  grains). 
Jorgensen,  1928  (pollen  grains). 
D.,  1929  c  (pollen  grains). 


While  the  proportion  between  size  and  chromosome  number  is 
fairly  closely  maintained  so  far  as  cells  are  concerned,  intracellular 
structures  such  as  chloroplasts  may  be  increased  in  number  instead 
of  in  size,  and  multicellular  structures  are  developed  in  changed 
proportions.  The  vigour  of  the  organism  as  a  whole  is  usually 
reduced  by  either  reduction  or  multiplication  of  the  chromosome 
number,  and  its  size  therefore  does  not  change  proportionally. 
The  genotype  of  the  new  haploid  or  polyploid  is  still  adapted  to  the 
cell  size  of  the  ancestral  diploid  and  works  less  favourably  under 
new  conditions.     A  reduction  in  the  number  of  cells  in  corresponding 
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organs  of  the  plant  is  found  after  doubling  twice  in  Funaria  hygro- 
metrica  (v.  Wettstein,  1924),  and  after  doubling  only  once  in 
A  crodadium  cuspidatum.  The  haploid  is  usually  of  a  more  immature 
stripling  growth  than  the  diploid,  while  the  tetraploid  is  of  a  stouter 
growth  (Jorgensen,  1928  ;  Davis  and  Kulkarni,  1930  ;  Clausen  and 
Mann,  1924).  It  should  be  noted  that  this  applies  to  the  fruits  for 
different  reasons.  The  development  of  many-seeded  fruits  is  often 
proportional  to  their  seed  content,  which  is  lower  in  haploids, 
triploids  and  non-hybrid  tetraploids  than  in  the  corresponding 
more  fertile  diploids.  Hence  the  fruits  are  smaller  in  these,  and 
often  of  different  shapes  (Blakeslee  and  Belling,  Jorgensen). 

Organisms  are  therefore  modified  in  general  character  by  a 
change  in  their  size,  i.e.,  by  a  change  in  volume-surface  relations. 
The  same  chromosome  complement,  in  fact,  always  has  a 
qualitatively  as  well  as  a  quantitatively  different  phenotypic 
expression  when  represented  different  numbers  of  times,  and 
changes  from  the  condition  to  which  it  is  adapted,  whether  haploid, 
diploid  or  tetraploid,  are  more  or  less  deleterious,  just  as  are  changes 
of  balance.  This  principle  is  of  importance  in  considering  the 
origin  of  the  special  differentiation  found  in  species  where  the 
male  is  haploid  and  the  female  diploid.  In  these  the  complement  is 
adapted  to  both  the  haploid  and  the  diploid  conditions.  The 
differentiation  in  phenotypic  expression  is  then  carried  to  an 
extreme.  It  applies  even  to  cell-size.  Exceptional  diploid  males 
in  Habrobracon  are  no  larger  than  the  normal  haploids  (Torvik, 
1 931).  Special  genes  or  gene-combinations  can  therefore  be 
selected  to  modify  the  ordinary  relationship  of  the  size  of  the 
organism  to  that  of  the  nucleus  when  the  chromosome  number  is 
altered,  just  as  they  are  evidently  selected  to  modify  the  sexual 
character  of  the  organism  (Ch.  IX).  Simple  doubling  in  species 
not  specialised  in  this  exceptional  way  is  usually  accompanied  by 
more  or  less  gigantism.  Where  the  polyploid  form  shows  no 
increase  in  size,  this  can  be  ascribed  to  segregation  of  dwarfing 
factors  in  the  parent,  e.g.,  in  Crepis  tectorum  (Navashin,  1926), 
where  great  size  variation  occurs  in  the  diploid.  It  may  be  that 
in  some  species  giant  polyploids  are  not  fitted  to  survive,  and  the 
failure   of   polyploidy    to    appear    in    many   groups    of   flowering 


GIGANTISM 


22- 


plants  may  be  due  to  failure  of  such  species  to  segregate  or  mutate 
to  dwarf ness. 

On  the  other  hand,  in  certain  exceptional  cases  increase  of  size 
does  not  accompany  the  multiplication  of  the  chromosome  number. 
The  only  autohexaploid  flowering  plant  known  (Rumex  acetosa, 
Yamamoto,  1935)  is  very  much  smaller  than  its  triploid  parent, 
and  in  Anthoceros  doubling  does  not  produce  the  same  increase  as 
in  Funaria  (Schwarzenbach,  1926).  Similarly  the  autotetraploid 
Lathyrus  odoratus  (Faberge,  1935)  is  no  larger  in  stature  than  the 
diploid  [cf.  Dorsey,  1936).  It  seems  as  though  doubling  will 
increase  the  size  of  the  normal  type  in  most  cases,  but  that  some 
organisms  are  more  strictly  adapted  to  a  specific  size,  so  that 
particular  genetic  conditions  influencing  size,  such  as  chromosome 
number,  may  have  a  deleterious  effect.  This  condition  is  perhaps 
in  part  responsible  for  the  general  absence  of  tetraploidy  amongst 
animals. 

Table  35 

Measurements  of  Cells  in  Haploids,  Diploids,  and  Polyploids 

I.  (i)  and  (ii),  Funaria  hygrometrica,  leaf  gametophyte  (v. 
Wettstein,  1924).  (iii)  Crepis  capillaris,  dermatogen 
(Navashin,  1931  b). 


X. 

2X. 

3X. 

4X. 

Cell  number  across  leaf            (i.) 

48 

49 

32 

13 

Cell  volume                               (ii.) 

86-5 

158-1 

273-1 

472-8 

Cell  volume  (in  1,000  cu./x)  (iii.) 

1-8 

4-0 

6-0 

9-0 

II.  Raphanus-Brassica  hybrids  (stomata)  (Karpechenko,  1928). 


R. 

2X 

B. 

2X 

RB. 

2X 

RRB. 
3X 

RRBB. 

4X 

RRRBB. 

RRRBBB. 

5x 

6x 

Length 

7-3 

7-1 

7-1 

9.4 

9.7 

IO-6 

10-4 

Breadth  (in  mm.  X  1,350) 

5-5 

5-3 

5-4 

6-7 

7-2 

7-8 

7.9 

Cubical  proportion 

— 

— 

i-o 

— 

2-3 

— 

3-1 
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III.  Drosophila  (eye-facets)  (Bridges,  1925  b).     N.B. — The  triploid 
is  an  unrelated  individual. 


X. 

2X, 

3X. 

Linear  proportions        .... 
Cubical  proportions      .... 

I 

I 

I-2I 

177 

1-37 
2-56 

WTien  these  observations  are  compared  with  similar  observations 
of  diploid  and  polyploid  forms  of  remote  relationship,  whether 
species  or  varieties,  various  kinds  of  difference  are  found,  which 
may  be  classified  under  three  heads. 

1.  Many  polyploid  wild  species  and  cultivated  forms  have  the 
same  proportionate  increase  in  size  as  is  found  in  critical  experiments, 
and  it  may  then  be  inferred  that  little  change  has  taken  place  in  the 
polyploid  since  its  origin.  This  conclusion  is  particularly  obvious 
because  wild  species  of  this  kind  are  found  to  be  propagated 
vegetatively  or  "  semi-vegetatively "  {e.g.,  Vallisneria  gigantea, 
Jorgensen,  1927  a  ;  Caninae  roses),  and  cultivated  forms  have  been 
subject  to  human  selection  in  favour  of  size  since  their  origin 
[e.g.,  Triticum  species,  Sax,  1922  ;  Petunia,  Dermen,  1931). 

2.  Certain  polyploid  species  and  races  are  no  bigger,  or  are  even 
smaller,  than  their  diploid  relatives,  yet  in  certain  structures,  such 
as  pollen  grains,  they  preserve  what  must  be  supposed  to  be  their 
initial  gigantism.  This  is  true  of  the  Cinnamomeae  roses,  where  the 
polyploid  species  are  actually  of  smaller  growth  than  the  diploid 

Table  36 
Linear  Measurements  of  Cells  in  Polyploid  Derivatives  (in  microns) 

6x. 


Petunia  vars.,  pollen  grains 
Triticum  species,  pollen  grains   . 
Rosa      (sect.      Cinnamomeae),     pollen 
mother-cells  .... 

Primula  obconica  vars.,  pollen  grains 
Allium  species,  pollen  grains 


2X. 

3X. 

4X. 

35-3 

37-6 

417 

440 

— 

5I-I 

6-8 

— 

8-8 

29-4 

— 

32-9 

29-0 

~ 

350 

55-3 

lO'O 
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(Erlanson,  1933),  and  of  Primula  ohconica  (Philp,  unpublished)  and 
Euphorbia  granulata  (Hagerup,  1932),  where  there  is  no  evidence  of 
gigantism  in  the  tetraploid  forms  except  in  the  size  of  the  cells 
(cf.  Allium,  Levan,  1932  ;  Narcissus,  Nagao,  1933). 

3.  Finally,  the  great  body  of  polyploid  species  show  a  purely 
random  size  relationship  with  their  diploid  relatives,  being  on  the 
average  neither  larger  nor  smaller  as  a  whole  or  in  any  particular 
structure.  Thus  Kihara  and  Ono  (1926)  found  that  the  size  of  pollen 
grains  in  Rumex  Hydrolapathiim  (2n  =  200)  was  no  greater  than  in 
related  diploid  and  tetraploid  species  (2n  =  20,  40). 

It  is  therefore  necessary  to  explain  why  polyploid  species  have 
lost  the  initial  size  difference  they  must  be  supposed  to  have  had, 
first  in  their  general  growth,  and  later  in  their  detailed  structure. 
Apart  from  changes  in  chromosome  number,  it  is  found  that  the 
progeny  of  new  allopolyploids  vary  in  fertility  (e.g.,  Mgilotricum, 
Kihara  and  Katayama,  1931  ;  Raphanohrassica,  Karpechenko, 
1927,  a  and  h),  and  in  size  [Primula  kewensis,  Newton  and  Pellew, 
1929  ;  Nicotiana  digluta,  R.  E.  Clausen,  1928).  Such  changes  must 
be  chiefly  due  to  the  pairing  and  crossing-over  which  must  take  place 
occasionally  between  chromosomes  of  opposite  parents,  even  with 
the  highest  differentiation.  Dwarfing,  probably  from  such  segrega- 
tion, has  been  found  in  two  original  tetraploids  (Kostoff,  1935  a). 

In  old-established  polyploids  such  as  Triticum  vulgar e  and  Avena 
saliva  such  abnormalities  still  occur,  and  when  they  occur  give  rise 
to  variation.  An  occasional  quadrivalent  is  formed  owing  to  the 
pairing  of  dissimilar  chromosomes  from  the  ultimate  diploid  ancestors 
(autosyndesis)  as  well  as  pairing  between  identical  chromosomes. 
When  the  dissimilar  chromosomes  pair,  segregation  of  new  types 
(actually  resembling  related  species)  results.  This  "  illegitimate  " 
pairing  gives,  as  we  have  seen,  "  secondary  segregation,"  and  occurs 
more  frequently  in  varieties  newly  derived  from  crossing  different 
races. 

In  this  way  will  arise  variations  on  which  natural  selection  can 
work  to  change  the  size  of  the  new  form.  But  such  variations  will 
not  increase  its  fertility.  Recombination  of  whole  chromosomes  or 
even  of  any  large  parts  will  mean  a  reduction  in  the  differentiation 
of  opposite  sets,  tending  towards  autopolyploidy  and  hence  towards 

R.A.  CYTOLOGY.  8 


226 


THE  BEHAVIOUR   OF  POLYPLOIDS 


lower  fertility.  It  is  therefore  probable  that  the  occurrence  of 
structural  changes  in  the  two  separated  sets  in  the  normal  course 
of  variation  is  a  more  important  source  of  differentiation  between 
the  chromosome  sets,  and  thus  of  the  evolution  of  allopolyploids 
in  general.  This  will  be  shown  more  clearly  by  considering  the 
occurrence  of  polyploidy  within  the  species. 

(iii)  Polyploidy  within  the  Species.  Many  species  have  been  found 
to  include  a  series  of  polyploid  forms.  In  some  cases  these  are 
indistinguishable  from  one  another,  except  by  distribution,  while  in 


Fig.  76. — Mitotic  metaphases  from  the  three  clonal  types  of  Tulipa 
Clusiana.  A.  The  diploid  from  Thibet.  B.  The  tetraploid  from 
Chitral.  C.  The  pentaploid  from  the  Mediterranean.  Cf.  Plate  II. 
(D.,  unpublished.) 

others  they  show  size  differences  or  slight  differences  of  a  general 
character. 

In  some  species  the  multiple  forms  are  autopolyploids,  in  others 
they  must  be  allopolyploids,  since  they  have  high  chromosome 
numbers  and  are  seed-fertile.  In  one  species,  A  Ilium  schcenoprasum 
(Levan,  1935  h)  chromosom.e  behaviour  shows  that  there  are  both 
kinds,  one  a  giant  auto-tetraploid,  the  other  a  smaller  allo-tetraploid. 

It  might  be  assumed  that  such  polyploid  forms  had  arisen  from 
their  diploid  relatives  within  the  species,  by  hybridisation  with  a 
second  species  followed  by  selective  elimination  in  the  polyploid  of 
all  the  characters  of  one  parent  which  distinguished  it  from  the 
other,  i.e.,  convergence  of  the  two  forms,  parent  and  hybrid. 

But  it  is  more  plausible  to  assume  that  these  forms  arose  as 
autopolyploids,  that  is,  as  giants  with  free  pairing  amongst  their 
homologous  chromosomes.     This  condition  is  still  found  in  certain 
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forms  which  have  presumably  remained  unaltered  since  their  origin. 
Amongst  these  are  the  sterile  polyploid  clone-species  in  Tulipa, 
Lilium  and  Fritillaria,  and  probably  the  giant  forms  in  Allium  and 
Portulaca. 

The  rest,  however,  have  changed  in  one  or,  as  in  the  case  of 
Silene  ciliata  or  Viola  Kitaiheliana,  in  both  of  two  ways  :  they  have 
lost  their  gigantism ;  they  have  become  allopolyploid.  For 
example,  the  hybrid  between  the  two  forms  of  the  Viola  species 
shows  no  autosyndesis  (Table  29).  The  loss  of  the  gigantism  may 
be  attributed  to  mutation  and  segregation  as  already  suggested. 
The  loss  of  the  autopolyploidy  must  be  due  to  differentiation 
arising  between  the  different  pairs  of  haploid  sets.  Structural 
changes  in  the  chromosomes  might  lead  both  to  the  differentiation 
and  to  the  loss  of  gigantism  ;  it  would  be  advantageous  to  any  race 
to  have  pairs  of  chromosomes  alike  in  regard  to  any  new  structural 
change,  for  this  would  prevent  the  formation  of  larger  associations 
of  chromosomes  than  twos.  We  shall  see  later,  in  the  wide  distribu- 
tion of  inversions,  a  means  by  which  such  differentiation  could 
arise  without  a  genetic  change  that  is  physiologically  expressed. 
This  method  of  differentiation  is  probably  therefore  the  chief  agent 
of  change  in  polyploid  forms  after  their  origin.  It  is,  in  general, 
analogous  in  cause  and  effect  to  that  which  arises  between  particular 
pairs  of  chromosomes  in  sex  heterozygotes  and  between  the  two 
whole  sets  in  complex  heterozygotes  (Ch.  IX). 

Table  37 
Examples  of  Polyploidy  within  the  Species 
A.  Not  associated  with  systemMic  differences  (other  than  distribution 
Rosa  acicularis  Lindl. 


Potentilla  opaca  L.  . 
Callitriche  stagnalis  . 
Salix  aurita  L, 

Ranunculus  acris 

Anemone  montana 
Nasturtium  officinale. 

Draba  magellanica  Lam. 
Crepis  Bungei  Ledeb. 


n  =  (7),  21,  28 

n  =  7,  14 
«  =  5,  10 
n  =  19,  38 

n  =  (6),  7,  14    . 

w  =  8,  16,  24    . 
n  =  16,  32  (and 
16x32). 
n  =  24,  32,  40 
M  =  4,  8 


Tackholm,    1922  ;     Erlanson, 

1929. 
Tischler,  1928. 
Jorgensen,  1923. 
Blackburn     and     Harrison, 

1924  ;    Hakansson,  1929  h. 
Senjaninova,  1927  ;    Sorokin, 

1927  ;   Larter,  1932. 
Moffett,  1932  b. 


Manton,  1932. 
Heilborn,  1927. 
Hollingshead    and 
1930. 


Babcock, 
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Cassia  mimosoides 
Silene  ciliata 
Dianthus  carthusianorum 
D.  plumarius    . 
D.  arenarius 
Festuca  elatior 
Phacellanthns  tuhiflorus 
Pellia  epiphylla 


n  =  8,  i6 

«=    12,  24,  96 

n  =  15,  30 

n  =  15.  45 
n  =  30,  60 

n  =  7,  21,  35 
n  =  21,  35,  42 
w  =  9,  18 


Kawakami,  1930. 
Blackburn,  1928. 

I  Rohweder,    1929  ;    Andersson 
I      and  Gairdner,  1931. 

Lewitsky  and  Kuzmina,  1927. 
Matsuura,  1935. 
Heitz,  1928. 


B.  Associated  with  slight  systematic  differences  (cf.  Tables  33  and  70) 


Plantago  major  L.,  s.l. 
Papaver  nudicaule,  s.l. 

Erophila  verna  L.,  s.l. 
Viola  Patrini  DC,  5./. 
V.  biflora  L.,  5./. 
V.  Kitaibeliana  R.  et  S.,  s.l. 

Valeriana  officinalis  L.,  5./. 

Ranunculus  Ficaria  . 
Vicia  Cracca  L. 
Prunus  spinosa 


P.  domestica  L. 
Rosa  blanda 


s.l. 


Phalaris  arundinacea 
Ly thrum  Salicaria]    . 

Solanum  nigrum,  s.l. 
Biscutella  Icsvigata 
Dianthus  superbus 

Portulaca  oleracea 
Euphorbia  granulata 
Tulipa  Clusiana 
T.  chrysantha 
Crocus  sativus 

Allium  nutans 


A.  schoenoprasum 


n  — 
n  — 

n  = 

n  = 

n  = 

n  — 

n  = 

n  — 

n  = 

2W  = 

n  = 
2W  = 

n  = 
n  — 

n  = 
n  = 
n  = 


6,  12 

7.  35 

7.  15.  32  . 
12,  24,  36  . 

6,  24 

7,  8,  ca.  12, 
18,  24. 

7,  14,  28    . 

8,  (9),  16  . 
(6),  7.  14  . 
16,   24,   32, 

40,  48 

8,  24 

14  (16),  45 

7.  14 
15,  25 

12,  24,  36  . 

9,  18  +,  27 
15.  30 


Miyaji  (c/.  Ishikawa,  1916). 
Ekstrand,  191 8  ;    Ljungdahl, 

1924. 
Winge,  1926. 
Miyaji  (1913,  1926),  1929. 
Miyaji,  1929. 
J.  Clausen,  1927,  1929,  1931  c. 

Meurman,  1925  ;  Senjaninova, 

1927. 
Larter,  1932. 
Sveshnikova,  1928.* 


D.,    1928,    1930  a  ; 
1936. 

Erlanson,  1929,  1931 


Mather, 


n  =  9,  27 

n  =  10,  20 
2n  =  24,  48,  60  . 
2n  =  24,  48 
2n  =  14,   15  and 
24  {=3x,  Karasawa,  1933). 

2fl   =   16,    24,    32,^ 


Church,  1929. 

Tischler,     1928,     1929  b  ; 

Shinke,  1929. 
Vilmorin  and  Simonet,  1928. 
Manton,  1932, 
Rohweder,   1929  ;    Andersson 

and  Gairdner,  1931. 
Hagerup,  1932. 
Hagerup,  1932. 
D.,  1932. 

Upcott  and  La  Cour,  1936. 
Mather,  1932. 


2n 


40,  48,  56, 

64,  108. 

=  16,  24,  32 


Levan,  1935  b. 
Levan,  1935  6. 


*  Three  geographical  races  of  Vicia  Cracca  are  found  (Sveshnikova,  1928) 
with  12,  14  and  28  chromosomes.  The  12-chromosome  race  differs  from 
the  14-chromosome  race  in  having  two  short  pairs  in  place  of  the  one 
long  one  {v.  Fig.  15).  The  28-chromosome  race  has  the  complement  of  the 
14-chromosome  race  represented  twice  except  that  one  pair  have  lost  their 
trabants,  an  indication  that  changes  in  nucleolar  organisation  have  taken 
place  in  the  polyploid  since  its  origin.  The  same  combined  differences  are 
found  in  Ranunculus  acris,  R.  Ficaria  and  Crocus  vermis  (Mather,  1932). 

I  Since  this  species  contains  different  forms,  all  polyploid,  differences  in 
the  genetic  basis  of  its  heterostylism  are  understandable. 
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7.  THE  INFERENCE  OF  POLYPLOIDY 
(i)  Statistical  Evidence.  Winge  (1917)  was  the  first  to  point  out 
that  the  high  frequency  of  multiples  and  low  frequency  of  primes 
among  the  gametic  chromosome  numbers  of  the  flowering  plants 
might  be  taken  to  show  that  polyploidy  was  a  common  source  of 
new  species  amongst  them.  New  data  have  been  examined  from 
this  point  of  view  by  Fernandes  (1931),  who  has  shown  that  in  the 
frequency  graph  of  numbers  between  3  and  100  (the  highest  number 
considered)  not  a  single  peak  is  found  at  a  prime  number.  Further, 
the    most   important  peaks  are  at  the  numbers  with  the  lowest 


Table  38 
Chromosome  Numbers  in  the  Phanerogama 


\ 


Chromosome 

Number 

Chromosome 

Number 

number.                               of  species. 

number. 

of  species 

12             .            .            .      391 

5     .         •         . 

•        27 

8 

.      332 

15     . 

•        27 

7 

.      236 

22     . 

•        25 

9 

.      170 

32     . 

.        25 

16 

•      153 

28     . 

•        24 

'6 

.      134 

19     . 

22 

10 

.      126 

26     . 

20 

14 

•      125 

36     . 

•          19 

24 

80 

30     . 

II 

II 

70 

23     . 

8 

21 

64 

45     . 

8 

18 

58 

42     . 

6 

17 

48 

3     . 

5 

20 

47 

3S     . 

5 

4 

42 

40     . 

5 

27 

31 

Rest. 

39 

13 

30 

Totals  :  Below  12 

1,242 

12  and  above     . 
Altogether 

1,171 

2,413 
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Fig.  77. — Graph  showing  the  relationship  between  the  numbers  of 
species  having  certain  low  haploid  numbers  and  the  numbers  of 
species  having  twice  as  many  chromosomes.      (From  Table  38.) 
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factors,  viz.,  8,  12,  16,  24,  27,  32  and  36.  This  means  that  these 
numbers  are  favoured  by  the  conditions  of  origin  or  survival  of  new 
forms  ;  such  would  be  the  case  if  they  owed  their  origin  largely  to 
a  process  of  reduplication  which  gave  in  the  first  instance  doubling, 
in  the  second  instance  trebling,  quadrupling,  and  so  on  ;  in  a  word, 
to  polyploidy. 

This  conclusion  is  supported  by  the  observation  of  polyploid 
behaviour  of  various  kinds  in  nearly  all  species  with  these  higher 


Crocus 


Hap /old  /iumber  of  CAromosorrjes. 


Fig.  78. — Graph  showing  the  distribution  of  species  with  different 
numbers  of  chromosomes  in  Crepis  and  Crocus  where  polyploidy 
has  played  little  part  in  the  change  in  numbers.  Crocus  can  be 
regarded  as  having  the  same  type  of  differentiation  as  Crepis, 
but  at  a  more  advanced  stage  of  development.  (From  Mather, 
1932,  cf.  Fig.  16.) 

numbers,  but  it  is  not  supported  by  observations  on  species  with 
8  chromosomes  or,  for  the  most  part,  on  species  with  12  (cf,  Nicotiana, 
Ch.  VIII).  The  discrepancy  is  important,  for  it  indicates  that  many 
of  these  were  polyploid  in  origin  but  have  since  lost  all  trace  of 
their  origin,  except  in  their  number,  through  later  differentiation  of 
the  kind  already  discussed. 

Fernandes'  enumeration  is  summarised  in  the  list  (Table  38  cf. 
Wanscher,  1934).  It  is  chiefly  derived  from  the  lists  compiled  by 
Tischler  (1936)  and  Gaiser  (1933).     It  is  a  fairly  random  sample 
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embracing  records  of  2,413  species.  The  most  abundant  con- 
tributors have  not  always  been  the  most  exact,  but  there  are 
probably  less  than  5  per  cent,  of  erroneous  observations  included. 

In  order  to  find  out  the  relative  importance  of  polyploidy  and 
other    changes    in    chromosome    number,    these    records   may    be 


^^ 


Fig.  79. — Mitotic  metaphases  in  Aconituni  {x  =  8)  diploid  and 
tetraploid  species,  a  triploid  clone  and  an  octoploid  giant  variety. 
The  chromosome  types  are  reduplicated  in  the  forms  with 
higher  numbers.  2x  [i]  A.  barbata.  2X  (ii)  A.  vulparia.  jx 
A.  Napellus,  "  Spark's  Variety."  4X  A.  anglicum.  8x  A. 
Wilsoni.  X  2000  (D.,  unpublished  ;  cf.  Schafer  and  La 
Cour,  1934)- 

examined  from  a  different  point  of  view.  There  are  certain  numbers 
between  6  and  12  and  the  number  13  which  can  but  rarely  be  regarded 
as  having  arisen  from  recent  polyploidy.  The  number  of  species 
of  each  of  these  classes  proves  to  have  a  definite  relationship  with 
the  number  of  those  having  double  the  number.  Fig.  77  represents 
graphically  the  results  of  the  comparison.     Three  inferences  can  be 
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drawn  from  this  :  first,  that  the  double  numbers  owe  their  origin 
chiefly  to  polyploidy  ;  secondly,  that  change  in  the  basic  number 
is,  relative  to  change  by  doubling,  somewhat  rare  ;  and  thirdly, 
that  no  differential  elimination  of  forms  with  certain  numbers  has 
occurred,  as  it  might,  owing  to  some  numbers  being  more  suitable 
mechanically  than  others.  These  conclusions  are  already  probable 
on  experimental  grounds,  for  polyploidy  is  the  most  frequent  of  all 
changes  observed  in  plant  species  (cf.  Crepis,  Table  8). 

\\Tien  the  species  of  smaller  systematic  groups  are  considered, 
differences  are  found  both  in  the  amount  and  in  the  kind  of  variation 
in  chromosome  number.  Some  large  groups  are  found  to  show  no 
variation  (Ch.  III).  Others  show  the  influence  of  the  polyploid 
series  in  various  degrees.  The  graph  (Fig.  64)  of  variation  in 
number  in  Crepis  (Babcock  and  Navashin,  1930),  and  Crocus  (Mather, 
1932)  illustrates  types  where  polyploidy  has  played  little  part. 
Crepis  is  more  constant  than  Crocus,  for  it  has  a  high  proportion 
with  the  number  four  which  must  be  considered  the  original  number 
of  the  genus.  In  Crocus  the  distribution  of  numbers  is  almost  at 
random.  How  far  the  changes  responsible  are  merely  numerical, 
i.e.,  due  to  changes  in  the  numbers  of  certain  chromosomes,  and 
how  far  they  are  structural,  i.e.,  due  to  fragmentation  and  fusion, 
can  only  be  said  after  a  detailed  study  of  meiosis  in  hybrids.  But 
there  is  clearly  a  similar  variety  of  species  in  the  two  genera  with 
less  variation  in  chromosome  number  in  Crepis  than  in  Crocus, 
This  is  probably  due  to  the  greater  importance  of  sexual  reproduction 
(and  therefore  of  regularity  at  meiosis)  in  the  one  than  in  the  other. 

Crepis  and  Crocus  approach  the  distribution  of  numbers  found  in 
animals  where  there  is  no  evidence  of  polyploidy.  The  opposite 
extreme  is  found  in  genera  such  as  Chrysanthemum,  Triticum,  Rosa, 
Prunus,  Rubus,  Solanum  and  Aconitum,  where  all  species  have 
multiples  of  a  common  basic  number  (Fig.  79). 

(ii)  New  Polyploid  Species.  Clearly  it  can  be  possible  to  recon- 
struct the  method  of  origin  of  a  species  only  when  it  has  arisen 
recently.  Suitable  conditions  could  probably  be  found  to  allow 
of  several  new  polyploids  that  have  arisen  in  experiment  becoming 
wild  species.  But  amongst  wild  species  there  are  a  few  the  con- 
ditions of  whose  origin  can  be  stated  with  precision.     First  there 
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are  those  giant  varieties  found  within  species  (Table  37)  which 
can  certainly  be  supposed  to  have  arisen  from  simple  doubling. 
Similarly,  Vallisneria  spiralis  [n  =  10)  is  dioecious,  and  appears  to 
have  given  rise  to  V.  gigantea  (n  =  20)  of  both  sexes  separately  by 
somatic  doubling  (j0rgensen,  1927). 

Secondly,  there  are  allopolyploid  species  whose  diploid  parents 
are  known  with  certainty  (Table  39).  Amongst  cultivated  plants 
there  are  also  many  forms  of  equivalent  rank  to  new  species,  whose 
origin  can  be  inferred  with  high  certainty.  Such  are  the  auto- 
polyploid  Petunia  varieties  (Dermen,  1930)  and  certain  allo- 
polyploid Rubi  (Crane  and  D.,  1927). 

In  all  these  cases,  therefore,  there  can  be  no  doubt  that  a  new 
species  has  been  produced  in  one  generation.  This  is  possible  with 
polyploidy  and  also  with  other  changes  which  are  in  themselves  of 
greater  evolutionary  significance.  Some  of  these  will  be  discussed 
in  regard  to  mutation  in  (Enothera  (Ch.  IX). 


Table  39 
Allopolyploid  Species  whose  Origin  can  be  Determined 


Genus  Species 

1.  ^sctilus  (10)      Hippo-         {4x)  X  pavia       {4X)       = 

castanum 

2.  Msculiis  (10)      carnea  {8x)  X  Hippo-    {4X)        = 

castanum, 

3.  Galeopsis  (8)      puhescens     {2x)  x  speciosa  {2x)        — 

4.  Phleum  (7)         pratense       {2x)  x  alpinum  {4X)       = 


5.  Spartina  (7)       alterniflora  [lox)  x  stricta    {8x) 

6.  Prunus  (8)         divaricata    {2x)  x  spinosa   {4X) 

7.  Pentstemon  (8)  IcbIus  {2x)  X  azureus   {6x) 

8.  Agropyron  (7)  junceum       {4X)  x  littoreum  {6x) 


Hybrid 

carnea    [8x),    Hoar, 

1927. 
plantierensis  (6^), 

Upcott,  1936. 
Tetrahit   {4X),   Miintz- 

ing,  1927,  1930  b. 
pratense        (America), 

{6x),      Gregor      and 

Sansome,  1930. 
Townshendii         {18  x), 

Huskins,  1931a. 
domestica  {^^)> 

Rybin,  1936. 
neotericus      {8x) , 

J.  Clausen,  1933. 
a  c  u  t  u  ni  (5^). 

Simonet,  1934. 


(iii)  Somatic  and  Secondary  Pairing.  At  metaphase  of  mitosis 
the  positions  of  the  chromosomes  seem  to  be  governed  by  three 
rules  :  (i)  the  centromeres  lie  within  the  spindle  and  in  its 
equatorial    plane,    which  is    the   metaphase    plate ;   (ii)   they  lie 
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to  a  greater  or  less  extent  on  the  periphery  of  the  plate  according 
as  the  repulsion  of  the  poles  is  greater  or  less  ;  (iii)  the  bodies 
of  the  chromosomes  lie  as  far  apart  from  one  another  as  their 
attachment  to  their  centromeres  allows.  When  the  bodies  of 
the  chromosomes  are  long,  those  that  are  in  the  middle  therefore 
lie  on  both  sides  of  the  plate  and  those  that  are  on  the  edge  lie  off 
the  plate  and  can  be  seen  to  move  in  the  currents  of  the  cytoplasm. 
These  rules  argue  an  equal  repulsion  of  the  two  poles  for  the  centro- 
meres and  a  mutual  repulsion  of  the  bodies  of  all  the  chromosomes. 
The  rules  apply  to  meiosis  when  we  make  allowance  for  there  being 
in  each  bivalent  two  centromeres  which  repel  one  another  in  the 
axes  of  the  spindle  and  therefore  like  the  anaphase  daughter  centro- 
meres of  mitosis  lie  on  either  side  of  the  plate. 

In  some  organisms  the  even  distribution  of  the  chromosomes  on 
the  metaphase  plate  is  modified  by  another  factor. 

At  mitosis  in  the  diploid  in  many  Diptera,  pairs  of  chromosomes 
are  seen  to  lie  specially  close  together,  although  still  never  touching, 
and  these  are  found  to  be  similar  pairs,  with  similar  parts  lying 
parallel.  This  is  due  to  a  specially  exaggerated  property  of  attrac- 
tion in  this  group  [cf.  Metz,  1916,  igzGetal.  ;  also  Fig.  116).  The 
same  somatic  pairing  has  been  found  between  the  chromosomes  of 
polyploid  plants  at  mitosis  (e.g.,  Dahlia,  Lawrence,  1931).  In  this 
case  more  than  two  chromosomes  being  attracted  to  one  another, 
the  groups  lie  radially  instead  of  parallel. 

More  striking,  however,  are  the  conditions  in  doubled  nuclei 
which  have  arisen  through  the  failure  of  the  chromosomes  to 
separate  at  a  preceding  division  {e.g.,  Spinacia,  Stomps,  1911  ; 
Sorghum,  Huskins  and  Smith,  1932  ;  Apotettix,  Robertson,  1930  ; 
Iberis,  Manton,  1935).  Probably  in  these  the  daughter  chromosomes 
have  remained  together  during  the  resting  stage,  and  have  therefore 
been  in  a  suitable  position  to  exercise  their  special  attraction  on 
one  another  during  the  prophase.  At  metaphase  every  pair  is 
distinguishable  by  the  chromosomes  being  of  similar  shape  and 
lying  parallel.  This  is  evidence  not  only  of  the  method  of  origin 
of  polyploid  nuclei,  but  also  of  the  static  condition  of  the  chromo- 
somes during  the  resting  stage,  and  of  their  attraction  at  metaphase. 

The  special  attraction  of  chromosomes  seems  to  be  specific  to 


236  THE  BEHAVIOUR   OF  POLYPLOIDS 

their  parts,  since  it  leads  to  the  corresponding  parts  lying  parallel  ; 
and  Sturtevant  and  Dobzhansky  (1930)  find  that  the  four 
chromosomes  in  an  interchange  heterozygote  in  Drosophila  lie  in  a 
ring  at  mitosis.  Stern  (1931)  finds  no  evidence  of  attraction  of  the 
distal  end  of  a  normal  X  for  the  corresponding  part  of  its  homologue 
when  this  has  been  translocated  to  another  chromosome,  pre- 
sumably owing  to  a  conflict  with  the  attractions  of  larger  parts. 

A  similar  juxtaposition  of  different  bivalent  chromosomes  at 
meiosis  has  long  been  known  in  polyploid  plants  [cf.  Kuwada,  1910  ; 
Ishikawa,  1911),  but  its  relation  to  the  homology  of  the  associated 
bivalents  and  its  independence  of  true  meiotic  pairing  was  not 
recognised  till  recently  (D.,  1928).  Like  somatic  pairing,  this 
secondary  pairing  is  between  chromosomes  of  similar  size  and  shape 
and  it  appears  first  at  metaphase,  i.e.,  it  is  not  a  continuance  of  a 
prophase  association  by  chiasmata  ;  it  consists  in  approximation, 
but  never  in  "  contact,"  i.e.,  it  reaches  an  equilibrium  with  forces 
of  repulsion.  It  is  too  slight  to  determine  or  even  modify  the 
anaphase  separation.  It  may  be  continued  between  the  pairs  of 
daughter  bivalents  during  anaphase,  and  is  often  most  marked  at  the 
second  metaphase.  Thus  it  may  be  supposed  that  whatever  attrac- 
tion is  responsible  for  it  it  has  a  cumulative  effect  in  sorting  out  the 
homologues  during  the  two  divisions.  Again,  like  somatic  pair- 
ing, it  is  variable  in  its  occurrence  from  division  to  division. 
Cytologists  have  usually  illustrated  the  nuclei  that  were  freest  of  it, 
to  avoid  the  suspicion  of  bad  fixation,  and  in  consequence  its 
occurrence  has  been  generally  neglected,  as  Lawrence  (1931)  has 
pointed  out  in  a  general  review  of  the  problem.  Secondary  pairing, 
like  many  peculiarities  of  chromosome  behaviour,  is  exaggerated  in 
appearance  by  bad  fixation,  but  its  essentially  differential  character 
as  between  different  chromosomes  cannot  be  determined  by  an 
external  agent — it  is  not  an  artefact. 

Somatic  pairing  does  not  usually  show  at  mitosis  in  plants 
with  secondary  pairing  at  meiosis.  The  reason  for  this  is  that  the 
chromosomes  in  mitosis  are  always  widely  distributed,  while  at  the 
end  of  diakinesis  ("  pro-metaphase  "  of  meiosis),  when  secondary 
pairing  begins,  they  are  brought  within  close  range  of  one  another, 
and  therefore  on  analogy  should  attract  one  another  more  strongly. 


PLATE  VIII 

Secondary  Pairing  at  Meiosis  in  Polyploids 

Fig.  I. — Cydonia  cathayensis  (Pomoideae),  2n  =  17.      X  2500. 

Fig,  2. — Pentstemon  IcBvigatus,  in  =  96  =  \ix. 

Fig.  3. — Dahlia  coronata  x  D.  coccinea,  2w  =  32  =  ^x.      x  2000. 

Fig,  4. — Second  metaphase  in  Prunus  cerasits.     19   +   13  chromo- 
somes.    2n  =  32  =  4Ar  {cf.  D.,  1928), 

Figs.  5-7. — /Esculns  carnea  and  its  parents,      X  ca.  3000. 

Fig.     5,     M.     Hippocastanmn     {^x  =  40),     Fig.     6.     .'E.     carnea 
(8;ir  =  80).     Fig.  7.     ^^.  Pavia  {^x  =  40). 

Figs.  8  and  9. — Dahlia  .variabilis,  the  same  plate  at  two  focuses. 
2n  =  64  =  Sa'.      X  2000. 

Figures  reproduced  by  kind  permission  of  Mr.  A.  A.  Moffett  (Fig.  i), 
Mr,  L,  La  Cour  (Fig,  2),  Miss  M,  B.  Upcott  (Figs.  5,  6  and  7),  and  Mr. 
W.  J.  C.  Lawrence  (Figs.  3,  8  and  9),  All  from  medium  Flemming 
—  gentian-violet  sections. 
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Further,  they  are  spherical  at  meiosis,  and  so  should  oppose  less 
resistance  to  movement  through  a  viscous  medium  than  when  they 
are  long,  as  in  mitosis  (Lawrence,  I.e.).  Secondary  pairing  is  not 
found  at  meiosis  in  plants  whose  chromosomes  are  still  long  at  this 
stage  (e.g.,  in  Tiilipa).  On  the  other  hand,  somatic  pairing  is 
shown  by  small  chromosomes  when  the  larger  ones  do  not  show  it 
(Upcott,  1936). 

Secondarily  paired  bivalents  are  distinguished  from  multivalents 
associated  by  chiasmata  in  four  ways  :  (i)  they  lie  evenly  side  by 
side,  in  twos,  threes  or  larger  groups  according  to  whether  the 
plant  is  a  tetraploid,  hexaploid  or  higher  polyploid  ;  (ii)  they 
never  "  touch,"  except  through  collapse  in  fixation  ;  (iii)  they 
separate  regularly  into  their  daughter  halves  without  interfering 
with  one  another  ;  (iv)  they  show  no  association  at  the  preceding 
diakinesis  (D.,  1928  ;   Lawrence,  1929). 

The  distinction  has  a  profound  theoretical  importance.  It  was 
formerly  held  that  the  characteristic  pairing  of  chromosomes 
at  meiosis  was  merely  an  exaggeration  of  the  somatic  pairing 
observed  at  mitosis.  But  chiasma  pairing  and  "  somatic  "  pairing 
are  now  seen  side  by  side  at  meiosis,  and  the  differences  in  their 
effects  are  as  clear  as  the  differences  in  their  causes.  These  will  be 
discussed  later  in  more  detail.  In  many  polyploid  species,  where 
the  two  phenomena  occur  side  by  side,  it  is  of  great  importance 
for  genetic  interpretation  to  tell  one  from  the  other,  for  chiasma 
pairing  indicates  a  closer  relationship  than  secondary  pairing.  It 
will  have  been  seen  that,  while  the  separation  of  diploid  and  polyploid 
is  a  convenient  one,  every  possible  degree  of  relationship  must  be 
found  within  the  gametic  sets  of  different  organisms.  There  must 
be  polyploids  so  ancient  that  the  original  relationship  between  their 
chromosomes  has  been  lost  so  far  as  pairing  analysis  can  reveal 
it.  There  must  also  be  diploids  having  parts  of  their  chromosomes 
reduplicated,  and  therefore  having  internal  relationships  not  unlike 
those  of  polyploids.  In  fact,  the  behaviour  of  haploids,  with  other 
considerations,  makes  it  probable  that  this  is  true  of  all  diploids  in 
varying  degrees  (t;.  Ch.  VIII).  It  follows,  therefore,  that  aU  slight 
unevennesses  of  distribution  of  chromosomes  on  the  metaphase  plate 
might  conceivably  be  interpreted  in  terms  of  genetical  relation- 
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ship  if  they  could  be  measured  sufficiently  accurately.  This  is  of 
practical  importance  in  the  analysis  of  polyploid}^  Most  ordinary 
cases  are  clear  enough  from  purely  numerical  considerations,  but 
where  no  species  is  known  with  a  lower  basic  number  or  where  the 
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Fig.  8o. — Secondary  pairing  at  meiosis  in  the  pollen  mother-cells. 
h  and  e  to  A,  first  metaphase  ;  /,  first  anaphase  ;  a,  c  and  d, 
second  metaphase.  a,  Euphorbia  scordifolia  {2x  =  20).  h,  c, 
E.  granula  {4X  =  40).  d,  Rubus  "  Loganberry  "  {6x  =  42). 
e,f,  Dahlia  coccinea  {4X  =  32).  g,  h,j,  D.  Merckii  {4X  -f-  4  =  36). 
k,  I,  Pyrus  Mains  {4X  +  6  =  34).  a  to  c,  after  Hagerup,  1932  ; 
d,  from  Crane  and  D.,  1927.  e  to  j,  from  Lawrence,  1929  and 
1931.    k  and  /,  from  D.  and  Moffett,  1930,  and  Moffett,  1931. 


number  is  not  a  simple  multiple,  the  evidence  of  secondary  pairing 
becomes  of  use.  The  distribution  of  chromosomes  on  the  equatorial 
plate  may  be  used  to  show  relationships  between  them,  or,  more 
exactly,  between  some  of  their  constituent  parts,  which  are  beyond 
analysis  by  the  two  other  methods — comparison  of  shape  at  mitosis 
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or  frequency  of  chiasma  formation  at  meiosis.  The  application  of 
this  method  will  now  be  considered. 

(iv)  Secondary  Polyploidy.  Since  new  allo-polyploids  already 
behave  at  meiosis  to  a  great  extent  like  diploids,  it  follows  that 
polyploid  species  which  have  changed  since  their  origin  can  be 
identified  only  by  more  or  less  circuitous  inferences.  And  although 
such  inferences  can  be  drawn  without  much  hesitation  for  the 
bulk  of  species  in  the  angiosperms,  there  remains  an  interesting 
group  of  doubtful  cases. 

Where,  as  in  one  section  of  Rumex,  species  occur  with  "  haploid  " 
or  gametic  numbers  of  10,  20,  30,  40,  50,  60  and  100,  and  the 
chromosomes  are  comparable  in  size,  it  is  natural  to  assume  without 
further  evidence  that  the  higher-numbered  species  arise  through 
multiplication  of  a  "  basic  "  set  of  10  chromosomes  such  as  that 
found  in  the  lowest-numbered  ones.  The  inference  is  less  direct  in 
such  genera  as  Dahlia  (n  =  16,  32)  and  Digitalis  (n  =  28,  56). 
These  numbers  are  multiples  respectively  of  8  and  7  which  are  found 
in  related  genera.  The  conclusion  that  8  and  7  are  the  basic 
numbers,  however,  requires  the  support  of  other  evidence.  Still 
less  direct  is  the  inference  in  those  genera  in  which  uneven  multiples 
occur.  Many  of  these,  such  as  Papaver  (n  =  y,  11),  are  not  yet 
elucidated,  and  in  the  hybrid  Nicotiana  longiflora  (10)  x  A^.  alata  (9) 
(9"  +  i\  Goodspeed  and  Clausen,  1927  h),  it  is  not  clear  whether 
the  extra  chromosome  arises  from  fragmentation  or  reduplication. 
Others  can  be  understood  as  the  result  of  "  fusion  "  between  non- 
homologous chromosomes  after  the  occurrence  of  polyploidy. 
Thus  Cardamine  pratensis  (Lawrence,  1931,  n  =  15)  is  a  tetraploid 
with  an  original  basic  number  of  8,  two  chromosomes  having  fused, 
and  Nicotiana  longiflora  (n  =  10)  is  probably  derived  by  fusion  from 
a  species  with  a  haploid  number  of  12  (Ch.  III).  Others,  again, 
show  no  evidence  of  fusion  or  other  structural  change,  and  it  would 
appear  that  they  result  from  the  unbalanced  multiplication  of  the 
basic  set,  two  or  three  of  the  chromosomes  occurring  once  more 
often  than  the  rest.  It  is  in  relation  to  these  supposed  "  secondary 
polyploids  "  that  the  criteria  of  polyploidy  require  to  be  strictly 
examined. 

The  evidence  has  been  most  fully  adduced  in  the  Pomoideae 
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section  of  the  Rosace^e  (D.  and  Moffett,  1930  ;  Moffett,  1931,  a  and 
h  ;  1934)  in  which  it  is  assumed  that  a  chromosome  set  of  17  (and 
its  multiples)  found  throughout  the  section  is  derived  from  the  set 
of  seven  found  in  other  sections  of  the  order  (e.g.,  in  Rosa  and 
Rubus)  by  unequal  reduplication,  so  that  the  seven  chromosomes 
A  to  G  are  present  in  the  proportions 

AAA,  BBB,  CCC,  DD,  EE,  FF,  GG, 

making  up  17  in  all. 

The  evidence,  chiefly  from  Pyrus,  is  of  the  following  kinds  : — 

(i)  Occasional  qiiadrivahnts  are  found  in  the  diploid  with  normally 
17  pairs.     (These  might  also  result  from  interchange  hybridity.) 

(ii)  Secondary  pairing  reaches  its  maximum  in  the  appearance 
of  seven  groups  of  bivalents,  three  being  groups  of  three,  four  being 
groups  of  two  (Fig.  80). 

(iii)  In  auto-"  triploids  "  (with  51  chromosomes),  autosyndesis 
occurs  in  the  third  set  of  17,  so  that  more  than  17  pairs  may 
be  formed  (Nebel,  1929);  and  multivalents  up  to  9  chromosomes 
are  formed  [v.  Fig.  70). 

(iv)  The  progeny  of  triploids  back-crossed  with  diploids,  instead 
of  showing  the  elimination  of  types  with  intermediate  numbers  so 
that  most  of  the  seedlings  have  approximately  the  diploid  number, 
show  the  highest  frequency  with  41  chromosomes,  i.e.,  the  secondary 
diploid  number,  34,  together  with  the  primary  basic  number  7, 
Moffett,  1934.  This  indicates  that  the  original  balance  of  7  still 
has  a  certain  vestigial  significance  (v.  Ch.  VII). 

(v)  The  somatic  complement  includes  four  chromosomes  of  one 
exceptional  type,  as  is  found  in  tetraploids. 

(vi)  Genetic  evidence  indicates  more  complex  conditions  than 
those  found  in  strictly  diploid  organisms. 

In  the  Pomoideae  the  inference  of  polyploidy  is  necessarily  the 
most  indirect,  since  the  original  change  from  7  to  17  by  which  such 
an  important  group  arose  must  have  occurred  at  an  epoch  more 
remote  than  any  on  which  inference  can  usually  be  brought  to 
bear.  In  another  group,  however,  the  case  is  simpler.  Dahlia 
Merckii  has  18  haploid  chromosomes  (Lawrence,  1929),  while  all 
other  species  of  Dahlia  have  multiples  of  eight.     The  occurrence  of 
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secondary  pairing  agrees  with  the  assumption  that  two  of  the  eight 
chromosomes  are  present  three  times,  while  the  rest  are  present 
twice  (Fig.  80). 

The  same  is  true  of  Solamim  and  Nicotiana,  which  have  an  apparent 
basic  number  of  12,  which  might  be  derived  from  a  lower  basic 
number  of  6.  These  assumptions  have  been  verified  by  the  study 
of  secondary  pairing  (cj.  Miintzing,  1933). 

Chromosome  pairing  in  certain  hybrids  suggests  that  reduplication 
of  part  of  the  set  is  responsible  for  the  origin  of  new  complements 
in  Brassica  and  Papaver,  and  perhaps  Viola.  Observations  of 
secondary  pairing  in  Brassica  confirm  this  conclusion  (Catcheside, 

1934)- 

Brassica  cernua  (n  =  18,  4x)  x  B.  chinensis  [n  =  10)   and  other 

species  :  10"  +  8'  (Morinaga,  1929). 
Papaver  somniferum  (n  =  11)  X  P.  orientate  (n  =  21,  6x)  :  11"  -|-  10' 

(Yasui,  1921  ;  Ljungdahl,  1922). 
Viola  tricolor  alba  (n  =  13)  X  V.  elegantula  {n  =  10)  :   8-10",  7-3^ 

(J.  Clausen,  1931  c). 
Brassica  Napus  {n  =  18)  x  B.  rapa  {n  =  10)  :  0-3"',  7-12",  4-8^ 

(Catcheside,  1934). 

The  distinction  between  secondary  polyploidy  and  structurally 
changed  polyploidy  (i.e.,  polyploidy  followed  by  fragmentation  or 
fusion)  is  important,  because  the  first  means  a  great  change  in 
genetic  balance,  while  the  second  means  little  or  no  change  of  this 
kind.  On  the  analogy  of  most  trisomic  and  tetrasomic  forms  a 
polyploid  with  a  new  balance  will,  if  it  breeds  true,  constitute  a  new 
species.  The  Pomoideae  are  a  sharply  characterised  group  of  the 
Rosacese  and  Dahlia  Merckii  is  the  most  sharply  characterised 
species  of  Dahlia. 

The  types  so  far  elucidated  are  unbalanced  modifications  of 
tetraploids,  not  of  diploids.  It  may  be  supposed  on  analogy  that 
tetrasomic  diploids  would  as  a  rule  be  sterile,  the  unbalance  being  too 
drastic.     This  is  true  also  of  artificial  secondary  polyploids. 

Such  new  forms  have  been  produced  in  experiment  in  the  following 
ways.  First,  from  a  pentaploid  having  the  complete  complement  of 
Nicotiana    Tabacum    {^x  =  48)    given    by    an    unreduced    gamete 
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together  with  a  haploid  set  of  A^.  sylvestris  (2x  =  24),  a  plant  was 
derived  in  Fg  having  fifty  chromosomes  forming  2a;  +  i  pairs 
(Webber,  1930).  Secondly,  from  a  cross  with  the  diploid  A^.  rustica 
a  new  race  with  30  bivalents  has  been  derived  (Lammerts,  1932). 
Thirdly,  from  the  cross  between  the  probably  autopolyploid  Crepis 
biennis  (2n  =  40  =  8x)  and  the  diploid  C.  setosa  (zn  =  8)  it  has 
been  possible,  owing  to  autosyndesis,  to  derive  a  new  true-breeding 


Table  40 
Observations  of  Secondary  Pairing  at  Meiosis 


A.  Simple  Polyploids. 

Dahlia  variabilis  {8x  =  64) 

Prunns  cerasus  {4X  =  32)   . 

P.  domestica  X  P.  cerasifera  {4X  =  32) 

P.  Laurocerasiis  {22x  —  176) 

Primula  kewensis  {4X  =  36) 

Digitalis  mertonensis  {i6x  =  112) 

Veronica  spp.  {4X  —  68) 

Solanum  tuberosum  {2x  =  24) 

B.  Secondary  Polyploids. 
Pyrus  Malus  {4X  -\-  6  =  34) 

CratcBgus,    Mespilus,    Cotoneaster,    etc. 

(-/^  +  6  =  34) 
Dahlia  Merckii  {4X  +  4  —  36)     . 
Acer  platanoides  {4X  +  2  =  26)  . 
Oryza  sativa  {4X  +  4  =  24) 
Empetrum  nigrum  {4X  +  ?  =  26) 
E.  hermaphroditum  {8x  -f-  ?  =  52) 

Brassica  Napus  {2n  =  36) 

B.  rapa  {2x  +  ?  =  20) 

B.  oleracea  (2X  +  6  =  18). 

Dicentra  spectabilis  {2X  +  2  =  16) 

C.  Between  Univalents. 
Nicotiana  .  .  .  .  . 
Taraxacum        .          .          .          .  . 


Kuwada,  1910  ;    Lawrence,  1929, 

1931- 
D.,  1928. 
D.,  1930. 
Meurman,  1929. 
Newton  and  Pellew,  1929. 
Buxton  and  Newton,  1928. 
Graze,  i935- 
Miintzing,  1933. 

D.  and  Moffett,  1930  ;    Heilborn, 
1935- 

Moffett,  1931,  1934. 

Lawrence,  1929,  1931. 

Meurman,  1933. 

Sakai,  1935. 

Hagerup,  1927  ;    cf.  D.,  1931. 

Hagerup,     1927  ;     cf.    D.,     193 1  ; 

Wanscher,  1934. 
Catcheside,  1934. 
Catcheside,  1934. 
Catcheside,  unpub. 
Matsuura,  1935. 

Lawrence,  1931. 
Gustafsson,  1934,  i935- 


form,  Crepis  artificialis,  having  ten  pairs  of  chromosomes  from 
C.  biennis  and  two  from  C.  setosa  {cf.  Table  30).  This  new  form  is 
balanced  in  its  biennis  fraction,  unbalanced  in  its  setosa  fraction 
(lacking  2  pairs  of  chromosomes).  It  therefore  has  the  constitution 
of  a  secondary  polyploid. 

All  these  new  forms  are  capable  of  breeding  true,  yet  they  differ 
in  genetic    balance    and    external    form    from    their    progenitors. 
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They  therefore  show  how  secondary  polyploidy  may  be  supposed 
to  have  arisen  in  Dahlia  and  in  the  Pomoideae,  viz.,  in  the  derivatives 
of  crosses  between  original  polyploid  forms  with  different  numbers 
of  chromosomes.  Thus,  selfing  a  pentaploid,  derived  from  crossing 
a  tetraploid  and  hexaploid,  would  give,  in  the  Rosa  type  with 
seven  chromosomes,  trisomic  and  tetrasomic  seedlings  with  numbers 
between  28  and  42.  The  latter,  if  they  bred  true,  would  be  secondary 
polyploids. 

Further  investigation  will  probably  show  that  secondary 
polyploidy,  and  other  variations  due  to  change  in  balance  (such  as 
reduplication  of  segments),  is  an  important  source  of  species- 
formation  in  plants.  Secondary  pairing  indicates  such  an  explana- 
tion of  the  origin  of  the  chromosome  complements  in  many  genera 
with  basic  numbers  of  13,  17  and  19  (e.g.,  Empetrum,  Gossypium, 
Salix  ;  cf.  Lawrence,  1931  ;  Skovsted,  1933).  The  observation  of 
secondary  pairing  consistent  with  a  particular  assumption  of 
primary  or  secondary  polyploidy  is  not  alone  a  sufficient  basis  of 
inference,  for  a  secondary  association  can  also  presumably  arise  in 
a  diploid  from  small  reduplicated  translocations  which,  as  we  shall 
see  later,  are  very  general  in  diploids.  On  the  other  hand,  the 
evidence  of  secondary  pairing  has  shown  in  certain  instances  that 
secondary  polyploidy  involving  change  of  balance  is  an  effective 
means  of  variation.  This  being  established  as  an  evolutionary 
principle  the  precise  mechanism  in  particular  and  doubtful  cases 
is  not  of  immediate  importance. 


CHAPTER   VII 
THE   CHROMOSOMES    IN   HEREDITY  :   MECHANICAL 

The  Theory  of  Heredity — Segregation — -Crossing-Over — -The  Chiasmatype 
Theory — Structural  Hybrids — ^Dyscentric  Hybrids — ^Secondary  Structural 
Change — Cytological  Investigation  of  Crossing-Over — -Its  Universality  and 
Biological  Effect. 

Fit  quoque  ut  interdum  similes  existere  avorum  possint  et  referant  pro- 
avorum  saepe  figuras  propterea  quia  multa  modis  primordia  multis  mixta 
suo  celant  in  corpora  saepe  parentis,  quae  patribus  patres  tradunt  ab  stirpe 
profecta.^ 

Lucretius,  Dc  Rentyn  NaUtra  IV. 

I.  THE  CHROMOSOME  THEORY  OF  HEREDITY 

The  chromosome  theory  of  heredity,  which  we  owe  chiefly  to 
Weismann,  is  the  hypothesis  (and  the  corollaries  of  the  hypothesis) 
that  :— 

the  permanence  of  the  physiological  properties  of  organisms 
which  is  manifested  in  heredity  is  determined  by  the  permanence 
in  the  structure  of  their  chromosomes. 

In  order  to  examine  the  theory  it  is  necessary  first  to  recall  the 
special  properties  associated  with  heredity  and  shown  by  genetical 
analysis,  i.e.,  by  the  comparison  of  parents  and  their  offspring  in 
their  higher  or  super-chromosomal  organisation. 

They  may  be  conveniently  arranged  under  five  heads,  as  follows  : 

I.  Potential  Permanence.    Heredity  consists  in  the  same  properties 

or  characters  being  reproduced  in  successive  generations  ;   a  causal 

explanation,  therefore,  requires  the  assumption  of  permanence  in 

the  cause,  although,  since  the  character  is  only  liable  to  be  repro- 

1  Commonly  also  children  may  resemble  their  grandparents  or  even  repeat 
the  characters  of  remoter  ancestors  for  this  reason  that  the  parents  often 
conceal  within  their  bodies  many  primordia  combined  in  many  ways  which, 
derived  from  the  stock,  are  handed  down  from  generation  to  generation. 
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duced,  the  permanence  is  only  potential.  Potential  permanence  has 
already  been  shown  to  be  a  universal  property  of  the  chromosomes 
(Ch.  II). 

2.  Qualitative  Differentiation,  Every  organism  has  various  and 
specific  properties  of  variation  (mutation)  which  are  also  permanent  ; 
the  permanent  material  must  therefore  be  of  various  specific  kinds, 
i.e.,  must  be  qualitatively  differentiated. 

3.  Segregation.  All  organisms  with  sexual  reproduction  have 
two  stages  in  their  life  cycle,  the  one  in  which  two  corresponding 
elements  or  "  factors  "  in  each  cell  affect  its  breeding  properties  (one 
from  the  mother,  the  other  from  the  father),  and  the  other  in  which 
only  one  of  these  genes  affects  each  character.  There  must  therefore 
be  a  point  in  the  life  cycle  at  which  corresponding  elements  separate 
or  segregate  to  different  daughter-cells  having  half  the  number 
present  in  the  mother-cells,  as  well  as  a  point  at  which  the  elements 
recombine. 

A  separation  such  as  is  required  occurs  at  meiosis.  Since  the 
chromosome  pairs  which  segregate  at  random  at  meiosis  give 
corresponding  products  yet  are  qualitatively  differentiated,  it  follows 
that  the  members  of  each  pair  correspond.  The  recombination  is 
seen  to  take  place  at  fertilisation  (Ch.  I). 

4.  Linkage.  The  elements  or  factors  having  different  capacities 
for  mutation  are  arranged  in  groups  which  segregate  at  random  as 
between  groups  but  with  restricted  freedom  within  the  group.  The 
restriction,  known  as  linkage,  is  fixed  in  degree  as  between  particular 
factors.  It  can  be  represented  as  fixed  by  their  arrangement  in 
linear  order  in  a  thread  which  has  a  fixed  chance  of  exchanging 
segments  (crossing-over)  with  the  corresponding  thread.  The 
hereditary  materials,  as  we  have  seen,  give  evidence  of  this  character 
and  behaviour.  The  linear  character  of  the  chromosomes  has 
already  been  shown  in  considering  the  prophase  of  mitosis  and 
meiosis. 

It  therefore  becomes  possible  to  refer  the  "  factor  "  which  deter- 
mines by  its  change  a  mutation  or  hereditary  difference  to  a  particle 
lying  in  the  thread.  Such  a  particle  is  described  by  Johannsen's 
term  as  a  gene.  It  is  analogous  in  its  behaviour  to  the  chromomere 
seen  in  the  cell.    It  might  be  thought  that  the  observed  chromomeres 
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could  at  once  be  described  as  genes,  but  this  is  not  so.  A  gene  is 
the  unit  of  crossing-over,  and  therefore  the  atom  of  inheritance. 
Until  we  consider  more  in  detail  therefore  how  crossing-over  occurs, 
we  cannot  tell  how  big  the  gene  may  be  ;  we  cannot  even  tell 
whether  the  same  particle  always  behaves  as  a  unit. 

We  can,  however,  proceed  to  treat  the  chromosome  as  a  string  of 
particles,  provisionally  described  as  genes,  whose  changes  are 
responsible  for  the  differences  in  hereditary  characters  that  we  know 
as  mutations. 

5.  Mutation.  Experimental  breeding  has  shown  that  the  genes 
must  be  capable  of  at  least  two  kinds  of  change  :  those  affecting 
their  individual  properties  (gene  or  point  mutation)  and  those 
affecting  their  numerical  proportions  and  arrangement  (deficiency, 
translocation,  etc.).  Corresponding  structural  changes  in  the 
chromosomes  have  been  shown  (Chs.  Ill,  V).  The  existence  of 
qualitative  differences  between  genes  in  the  same  complement  is 
evidence  of  gene-mutation  on  an  evolutionary  hypothesis,  for  all 
the  different  genes  found  to-day  cannot  have  arisen  independently 
at  the  beginning  of  life. 

Some  of  the  principal  evidence  for  regarding  the  chromosomes  as 
containing  the  hereditary  materials  has  therefore  already  been 
given.  The  most  unequivocal  test  of  the  chromosome  theory,  as 
indeed  of  any  theory,  is  by  the  verification  of  prediction.  It  is 
possible  to  base  prediction  of  chromosome  form  and  behaviour  on 
observations  by  genetical  methods,  and  vice  versa,  and  these 
predictions  can  afterwards  be  tested.  Thus  it  is  possible  in  the 
case  of  certain  flies  mosaic  for  male  and  female  characters  to  say 
that  one  X  chromosome  has  been  lost  in  the  course  of  a  somatic 
mitosis  (Stern,  1927).  It  is  possible  to  say  in  the  case  of  seedlings 
such  as  those  raised  from  the  cross  Rubus  rusticanus  by  R.  thyrsiger 
or  from  natural  seed  of  the  Raphanus-Brassica  hybrid  (Ch.  VII) 
that  some  have  one  set  of  chromosomes  more  than  others.  These  are 
predictions  based  on  genetical  evidence  and  they  have  been  verified 
cytologically.  On  the  other  hand,  it  is  known  that  meiosis  occurs 
in  the  formation  of  spores  of  mosses  and  ferns,  and  that  the  gameto- 
phytes  raised  from  them  are  haploid  :  they  should  therefore  show  the 
I  :  I   segregation   in   haploid   characters   which   Mendel   supposed 
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was  the  basis  of  the  3  :  i  segregation  in  the  diploid  generation. 
These  are  predictions  based  on  cytological  principles  and  they  have 
been  verified  genetically  (v.  Wettstein,  1924  ;  Andersson,  1927). 
Tests  of  this  kind  will  be  described  where  they  affect  debatable 
points,  but  in  regard  to  the  chromosome  theory  in  general,  they  are 
too  numerous  to  be  recapitulated  here.  They  have  been  dealt  with 
elsewhere  (Stern,  1928  ;   Sansome  and  Philp,  1932). 

More  important,  for  our  present  purpose,  is  the  showing  of  a 
parallelism  between  the  rules  of  heredity  and  the  rules  of  chromosome 
behaviour,  for  this  parallelism  is  a  help  in  directing  enquiry.  Bearing 
in  mind  this  distinction,  we  will  now  consider  the  evidence  as 
affecting  (i)  segregation  of  homologous  chromosomes,  (ii)  crossing- 
over,  and  (iii)  qualitative  differentiation. 

2.    SEGREGATION 

The  pairing  and  separation  of  the  chromosomes  is  clearly  parallel 
to  genetic  segregation,  as  pointed  out  by  Sutton  in  1902.  The 
assumption  that  the  one  determined  the  other  made  it  possible 
to  predict  haploid  or  gametic  segregation,  which  has  since  been 
abundantly  demonstrated  genetically.  Special  cytological  observa- 
tions have  since  made  it  possible  to  verify  converse  predictions  in 
various  ways,  as  follows  : — 

1.  Carothers  (1921)  showed  that  when  grasshoppers  {Circotettix) 
with  unequal  pairs  of  chromosomes  at  meiosis  were  bred  with 
related  forms  homozygous  for  chromosome  structure,  they  produced 
offspring  half  with  one  type  of  chromosome  and  half  with  its  mate. 
This  was  a  combined  demonstration  of  (a)  chromosome  permanence 
and  heredity,  {h)  meiotic  reduction  and  mendelian  segregation,  and 
(c)  fertilisation  and  mendelian  recombination. 

2.  Federley  (191 2,  1931)  showed  that  PygcBra  hybrids  having 
no  pairing  and  no  reduction  of  chromosome  number  at  meiosis 
{v.  Ch.  X)  showed  no  segregation  of  parental  characters. 

3.  Similarly  in  parthenogenetic  organisms  where  pairing  fails 
there  is  no  segregation  (cf.  Ch.  XI). 

4.  In  all  allotetraploids  formed  by  doubling  of  the  chromosome 
number  in  a  hybrid  there  is  a  suppression  of  segregation.  This 
suppression  is  partial  or  almost  complete  according  as  pairing  is 
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partially  or  completely  suppressed  between  chromosomes  of  opposite 
parental  species.  Thus  in  Raphanns-Brassica,  where  no  segregation 
occurs,  no  pairing  of  Raphanns  and  Brassica  chromosomes  occurs — 
simple  bivalents  are  always  formed  in  the  tetraploid  (and  no 
bivalents  are  formed  in  the  diploid).  In  Primula  kewensis,  on  the 
other  hand,  there  is  segregation  in  the  tetraploid  ;  quadrivalents 
are  formed. 

5.  Where  four,  six  or  more  chromosomes  are  associated  in  a  ring 
in  a  diploid,  each  of  these  chromosomes  must  have  a  specifically 
different  combination  of  materials  from  any  of  the  others,  and  only 
two  types  of  viable  gametes  should  be  produced—  the  opposite  types 
arising  from  separation  of  each  chromosome  in  the  ring  from  the 
other  two  with  which  it  is  "  paired  "  at  opposite  ends.  This 
is  verified  both  by  genetical  and  by  cytological  tests  of  the  progeny. 
It  is  found  that  two  such  gametic  types  are  produced  by  wild 
species  with  chromosome  rings  [v.  Ch.  IX),  and  these  differ 
genetically.  Similarly  the  inheritance  of  the  pairing  properties  of 
their  chromosomes  agrees  with  prediction.  Each  form  with  rings 
produces  two  kinds  of  gametes  which  give  specific  and  different 
kinds  of  pairing  or  ring-formation  with  other  kinds  of  gametes. 

6.  The  direct  effect  of  segregation  in  giving  equal  numbers  of 
products  bearing  opposite  allelomorphs  can  be  seen  in  the  haploid 
generation  produced  by  a  heterozygous  diploid.  This  direct  segre- 
gation is  seen  in  organisms  with  an  important  haploid  cycle,  e.g., 
Bryophyta  (Wettstein,  1924  ;  Allen,  1926,  1935  a  and  h)  ;  Asco- 
mycetes  (Dodge,  1936  ;  Lindegren,  1936)  ;  Basidiomycetes  (Buller,' 
1931)  ;    Pteridophyta  (Andersson-Kotto,  1931). 

7.  It  is  even  possible  when  the  spores  produced  at  meiosis  remain 
together  or  when  one  of  the  divisions  is  suppressed,  to  show  that 
segregation  has  occurred  sometimes  at  the  first  and  sometimes  at 
the  second  division,  and  with  special  proportions  for  particular 
factors,  as  is  the  case  with  particular  unequal  bivalents  (v.  infra). 
Similarly  in  the  flowering  plants  segregation  of  two  types  of  pollen 
has  been  shown  in  CEnothera  (Renner,  1919  h),  Oryza  (Parnell,  1921) 
and  Zea  (Demerec,  1924  et  alii).  The  special  type  of  reproduction 
of  the  Hymenoptera  by  which  diploid  females  produce  haploid 
male  offspring  without  fertilisation  has  made  it  possible  to  study 
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direct  segregation  in  these  males,  for  as  Dzierzon  found  in  1854,  the 
opposite  types  of  males  arise  in  equal  numbers  from  a  hybrid  queen 
(Newell,  1915  ;  Whiting  and  Benkert,  1934  ;  Whiting,  1935  b  ; 
cf.  Ch.  IX). 

8.  In  every  instance  in  which  the  sexes  are  visibly  different  in 
their  chromosome  complements  (as  they  are  in  most  animals  and 
many  plants)  the  segregation  of  dissimilar  chromosomes  can  be  seen 
in  the  sex  heterozygotes  at  meiosis,  and  in  some  the  whole  history 
can  be  traced,  from  the  random  segregation  to  the  development  of 
sexual  differences  between  the  dissimilar  individuals  produced  by 
this  segregation  (Ch.  IX) .  In  the  higher  plants  the  sexual  differentia- 
tion does  not  express  itself  in  external  form  until  long  after  meiosis. 
This  is  true  of  the  sporozoan  Aggregata  and  has  led  Dobell  (1925)  to 
believe  erroneously  that  the  differentiated  gametes  might  be  derived 
from  the  same  haploid  cell  and  so  the  differentiation  might  not 
spring  from  segregation  at  meiosis  {cf.  Naville,  1931  ;  Belar,  1926  ; 
M.  Robertson,  1929). 

9.  WTiere  segregation  is  occurring  in  factors  carried  by  chromo- 
somes represented  more  than  twice  (in  polysomic  and  autopolyploid 
plants)  the  proportions  of  offspring  bearing  the  opposite  characters 
occur,  not  in  the  simple  mendelian  proportions  but  in  the  more 
complex  proportions  to  be  predicted  from  the  random  assortment 
of  the  larger  number  of  chromosomes  concerned  [cf.  Haldane, 
1931  a ;  Crane  and  D.,  1932  ;  Sansome,  1933  ;  Mather,  1935, 
1936  a). 

The  parallelism  between  chromosome  reduction  and  genetic 
segregation  is  therefore  complete  so  far  as  whole  chromosomes  are 
concerned.  The  specific  properties  of  segregation  shown  by  parts 
of  the  same  chromosome  in  the  phenomenon  of  linkage  must  be 
considered  next. 

3.   THE   THEORY   OF   CROSSING-OVER 

(i)  Introduction.  Crossing-over  between  chromosomes  has  been 
inferred  from  the  structure  of  bivalents  seen  at  meiosis  (Chs.  IV,  V). 
It  has  also  been  inferred  from  the  proportions  of  different  types  of 
progeny  found  in  breeding  experiments.  It  is  now  necessary  to  find 
out  how  far  the  two  sets  of  observations  agree,  in  order  that  we  may 
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combine  them  and  use  the  conclusions  in  a  joint  attack  on  this  prob- 
lem. It  is  a  fundamental  problem,  for  on  its  solution  depends  our 
understanding  equally  of  the  mechanics  of  structural  changes  in  the 
chromosomes  and  of  the  genetical  consequences  of  these  changes. 
These  affect  all  sexually  reproducing  organisms,  both  in  the  pairing 
of  their  chromosomes  and  in  the  recombinations  of  their  hereditary 
characters. 

Let  us  consider  first  the  evidence  of  experimental  breeding. 

(ii)  The  Genetic  Theory.  In  all  organisms  in  which  the  inheritance 
of  a  large  number  of  mendelian  factor-differences  has  been  studied, 
certain  of  these  have  been  found  to  be  "  linked,"  j.^.,  when  individuals 
differing  in  two  such  factors  are  crossed,  the  proportion  of  new 
combinations  in  the  second  generation  is  lower,  and  of  old 
combinations  higher,  than  would  be  expected  from  free  assortment 
(according  to  Mendel's  second  law).  The  general  conditions  of  this 
linkage  are  similar  in  most  structurally  homozygous  diploids  that 
have  been  studied,  e.g.,  in  Drosophila  species,  Zea  Mays,  Pharbitis, 
Primula  sinensis,  Pisum  sativum,  etc.,  and  observations  of  excep- 
tionally high  linkage  in  Le^is^^s,  Apotettix,  Cepea,  Funaria,  etc.,  are 
intelligible  as  the  result  of  an  irregularity  in  the  spacing 
of  genes  in  the  chromosomes  which  is  merely  an  exaggeration  of 
that  now  known  in  Drosophila. 

In  1909  Janssens  suggested  that  the  paired  chromosomes  broke 
and  rejoined  at  meiosis  and  that  the  chiasmata,  whose  structure 
was  then  not  clearly  understood,  were  the  result  of  this  recombina- 
tion. In  the  light  of  this  chiasmatype  theory  Morgan  in  1911  was  able 
to  put  forward  the  explanation  of  linkage  that  is  now  accepted  and 
has  been  the  basis  of  genetical  analysis  since  that  time.  Morgan 
assumed  (i)  that  linkage  of  factors  is  due  to  the  specific  particles  or 
genes  that  determine  the  characters  concerned  lying  in  the  same 
chromosome  in  a  linear  order,  and  (ii)  that  the  recombinations  of 
factors  are  due  to  crossing-over  or  an  exchange  of  homologous 
segments  containing  those  genes  between  partner  chromosomes. 

Thus,  if  the  factors  are  at  opposite  ends  of  chromosomes  :  ABODE 
and  abcde,  crossing-over  might  give  ABCde  and  ahcDE.  Crossing- 
over  should  be  more  frequent  between  A  and  C  than  between  A 
and  B,  owing  to  its  occurring  at  any  point  along  the  chromosome. 
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Fig.  81. — The  history  of  two  pairing  chromosomes  in  meiosis, 
showing  the  time  and  place  of  crossing-over  and  its  result  in 
the  production  of  daughter  chromosomes  in  each  nucleus  of 
the  tetrad,  all  different  from  one  another  in  their  origin. 
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and  this  can  be  verified  where  two  factors  are  Hnked  with  a  third, 
as  Sturtevant  showed  in  1914.  The  amount  of  crossing-over  between 
the  two  should,  when  small,  approximate  to  either  the  sum  or  the 
difference  between  the  amounts  of  their  crossing-over  with  the 
third.  This  is  always  the  case  in  organisms  with  simple  pairing  of 
chromosomes.  But  the  exact  relation  is  not  a  simple  one  as  might 
be  supposed,  i.e.,  the  resultant  crossing-over  is  not  equal  to  the  sum 
of  the  two  smaller  proportions  minus  twice  their  product  (to  allow 
for  double  crossing-over  which  would  cancel  itself  out),  but  minus 
something  less  than  this.  It  follows  that  double  crossing-over 
between  factors  fairly  close  to  one  another  is  not  so  frequent  as 
randomness  requires  ;  the  occurrence  of  one  cross-over  may  there- 
fore be  said  to  "  interfere  "  with  the  occurrence  of  another  in  its 
neighbourhood,  and  the  property  is  known  as  "  interference " 
(Muller,  1916). 

These  principles  must  be  understood  in  order  to  follow  the 
cytological  evidence.  The  conditions  of  crossing-over  will  be 
examined  in  detail  at  a  later  stage  in  relation  to  this  evidence. 

(iii)  The  Cytological  Theory.  The  observation  that  the 
chromosomes  paired  at  diplotene  came  together  at  various  points 
along  their  length — points  which  we  now  recognise  as  chiasmata — • 
suggested  to  Riickert  in  1892  that  the  chromosomes  exchanged 
material  at  these  points.  The  view  was  ignored  in  the  following 
years,  being  naturally  overshadowed  by  the  idea  of  permanence  in 
the  structure  of  the  chromosomes.  The  four  chromatids  of  the 
bivalent  were  usually  supposed  to  be  derived  without  change, 
two  from  one  parental  chromosome  and  two  from  its  mate.  The 
question  then  was  merely  whether  the  two  chromatids  which  passed 
to  the  pole  together  at  the  first  division  were  derived  from  the  same 
parental  chromosome  or  from  the  two  partners.  In  the  first  case 
the  first  division  would  be  "  reductional  "  in  respect  of  differences 
between  the  partners,  in  the  second  case  it  would  be  "  equational.*' 

The  controversy  was  confused  owing  to  a  lack  of  distinction 
between  numerical  reduction  and  qualitative  reduction.  We  now 
know  that  reduction  in  number  does  not  occur  at  either  division, 
but  simply  through  the  two  divisions  following  one  another  so 
rapidly  that  no  division  of  chromosomes  takes  place  in  the  interphase 
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between  them.  We  also  know  that  reduction  in  quahty,  i.e.,  the 
separation  of  unHke  chromosomes,  occurs  both  at  the  first  and  at 
the  second  division  under  conditions  which  will  later  be  defined. 

While  this  dispute  was  still  undecided,  Janssens  (19^9,  1924)  put 
forward  the  objection  that  the  formation  of  four  spores  or  gametes 
at  meiosis,  the  occurrence  of  two  divisions,  of  pachytene  pairing, 
and  of  the  diplotene  looping,  would  all  lack  purpose  if  reduction 
was  achieved  at  a  single  division  and  without  crossing-over.  These 
arguments  are  of  great  value  taken  metaphorically  ;  but  Janssens 
also  pointed  out  that  without  the  assumption  of  an  exchange  of 
segments  at  the  chiasmata  the  exchange  of  partner  lacked  any 
causal  explanation.  He  pointed  out  that  there  was  free  association 
of  larger  numbers  of  factors  in  some  organisms  than  there  were 
chromosome  pairs  ;  this  was  genetic  evidence  of  such  exchanges. 
Applied  to  Drosophila,  Janssens'  theory  became,  as  we  have  just 
seen,  the  basis  of  the  successful  study  of  the  linear  arrangement  of 
genes. 

There  was,  however,  no  unequivocal  direct  evidence  either  for 
or  against  the  hypothesis.  Two  chromosomes  went  into  pachytene 
association :  four  chromatids  emerged  at  the  diplotene  stage. 
Whether  an  exchange  had  occurred  no  direct  evidence  could  or  can 
reveal.  Moreover,  at  this  time  the  regular  structure  of  bivalent 
chromosomes,  the  uniform  character  of  the  chiasmata,  and  the 
relation  of  the  two  was  not  understood.  Janssens  therefore  sug- 
gested (1924)  several  different  mechanisms  of  crossing-over,  and 
Belling,  who  accepted  some  of  these  suggestions  (1928  c,  1931  h, 
1933)  left  the  relationship  of  the  mechanism  with  the  observed 
structures  undefined. 

In  recent  years  three  advances  in  interpretation  have  removed 
these  difficulties.  First,  we  understand  that  chiasmata  are  all  of  the 
same  original  structure  (exchanges  of  partner  among  four  chroma- 
tids) and  differ  only  through  movement  to  the  ends.  Secondly,  we 
have  evidence  of  special  distribution  of  chiasmata  in  polyploids 
and  structural  hybrids  which  enables  us  to  define  the  genetical 
change  that  determines  them.  Thirdly,  we  have  a  large  body  of 
comparative  evidence  from  experimental  breeding  and  chromosome 
observations  which  enables  us  to  demonstrate  the  general  validity 
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of  the  hypothesis  that  is  to  be  induced  from  these  particular  obser- 
vations. The  observations  require  that  all  chiasmata  result  from 
crossing-over  between  two  chromatids  of  the  partner  chromosomes.  This 
follows,  in  the  light  of  our  present  knowledge  of  chiasmata,  from 
Janssens'  assumption  that  the  diplotene  split  separates  the  partner 
chromosomes  so  that  the  pairs  of  chromatids  that  remain  together 
after  the  formation  of  chiasmata  are  sister  chromatids,  derived 
from  the  same  parent  chromosome. 

It  now  remains  for  us  to  describe  the  evidence  for  this  simplified 
and  defined  chiasmatype  theory  and  to  show  how  it  can  be  used  in 
finding  out  genetical  principles  from  chromosome  behaviour. 


4.  CYTOLOGICAL   EVIDENCE   OF   CROSSING-OVER 

(i)  Kinds  of  Proof.  The  proof  that  crossing-over  has  occurred 
between  two  chromatids  of  partner  chromosomes  follows  on 
accepted  assumptions  from  the  demonstration  that  sister  chromatids 
(from  the  same  parent  chromosome)  are  paired  on  both  sides  of  the 
chiasma.  This  demonstration  must  depend  on  our  ability  to  make 
a  distinction  between  the  two  parent  homologues.  Such  a  distinction 
has  been  made  in  regard  to  three  kinds  of  properties  :  of  develop- 
ment, of  function,  and  of  form.  The  distinction  of  development  was 
the  first  to  be  made.  In  auto-tetraploids  the  chromosomes  pair  at 
pachytene  with  exchanges  of  partner.  If  a  chromosome  could  form 
a  single  chiasma  between  two  such  exchanges  of  partner,  crossing- 
over  must  have  occurred  at  the  chiasma.  Single  "  intercalary  " 
chiasmata  of  this  kind  are  formed  in  tetraploids  and  triploids 
(D.,  1930  c,  Figs.  39,  41).  Similar  developmental  distinctions 
depend  on  interlocking  and  relational  coiling.  The  distinction  of 
function  depends  on  the  recognition  of  constant  pairing  properties 
in  chromosomes.  It  enables  us  to  infer  crossing-over  from  special 
configurations  in  multiple  interchange  hybrids,  and  from  the 
formation  of  chiasmata  between  the  chromosomes  of  haploids 
(Catcheside,  1932).  The  distinction  of  form  is  naturally  the  easiest 
to  make  out.  It  is  now  regularly  made  in  many  structural  hybrids 
which  show  not  merely  the  occurrence  of  crossing-over,  but  also  the 
occurrence  of  all  the  expected  relationships  between  successive 
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Fig.  82. — Diagram  to  show  the  distinction  between  different  genetical 
interpretations  of  the  same  diplotene  bivalent.  This  bivalent  has  four 
chiasmata  which  have  different  structural  relationships  with  one 
another.  Thus  the  second  does  not  restore  the  association  broken  by  the 
first ;  they  are  disparate  ;  the  second  and  third,  the  third  and  fourth,  on 
the  other  hand,  are  comparate  {v.  Fig.  36,  B  and  C).  At  anaphase  there 
will  be  interlocking  of  chromatids  in  the  loop  between  the  second  and 
third  chiasmata  {v.  Fig.  36,  C).  A  and  B,  alternative  interpretations  on 
Janssens'  hypothesis  of  "  partial  chiasmatypy  "  as  simplified  by  Belling, 
1928  c,  and  Darlington,  1930  b.  Disparate  chiasmata  (i  and  2)  arise  from 
crossing-over  of  one  chromatid  at  both  chiasmata  and  two  different 
chromatids  once  at  each  chiasma.  Comparate  chiasmata  arise  either 
from  both  affected  chromatids,  being  the  same  (2  and  3  in  A,  and 
3  and  4  in  B,  "  reciprocal  crossing-over  "),  or  from  both  being  different 
(3  and  4  in  A,  2  and  3  in  B,  "  complementary  cross-overs  "). 

cross-overs.     These  various  kinds  of  evidence  will  now  be  con- 
sidered from  a  more  general  point  of  view. 

(ii)  Prophase  Interlocking.  With  few  exceptions  the  chromosomes 
are  fortuitously  distributed  in  the  nucleus  before  they  pair  at  the 
prophase  of  meiosis,  with  regard  to  their  homology.  In  the  Diptera 
{cf.  Metz  and  Nonidez,  1924)  the  homologous  partners  probably  lie 
next  to  one  another  at  the  telophase  of  the  preceding  division  owing 
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to  somatic  pairing  (q.v.)  and  persist  in  this  relationship  until  they 
pair.  Apart  from  such  exceptions  it  would  therefore  be  expected 
that  the  chromosomes  in  pairing  would  often  interlock,  a  strange 
chromosome  passing  through  a  loop  between  associations  of  the 
two  homologues.  Necessarily,  this  would  be  detectable  only  in 
favourable  material.  Interlocking  has  been  seen  taking  place  at 
zygotene  in  Dendrocoelum  (Gelei,  1921),  Viviparus  (Belar,  1928  h) 
and  Allium  (Levan,  1933  c)  and  maintained  at  metaphase,  in 
organisms  with  and  without  polarisation  of  the  zygotene  nucleus 
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Fig.  83. — Chromatid  diagram  of  diplotene  and  metaphase  configura- 
tions showing  interlocking  of  pairs  of  ring-bivalents  (left)  and 
within  a  ring-of-four  (right)  before  and  after  terminalisation. 


{e.g.f  Stenohothrus  and  Hyacinthus),  and  in  organisms  with  all 
degrees  of  terminalisation. 

The  detection  and  analysis  of  interlocking  at  metaphase  is  of 
importance,  for  the  form  it  assumes  will  distinguish  between  various 
theories  of  chromatid  relationship  in  organisms  with  and  without 
terminalisation.  On  the  hypothesis  of  chiasmatype  crossing-over 
the  chromatids  derived  from  one  parental  chromosome  fall  apart 
from  those  of  the  other  at  diplotene  so  that  an  interlocked  chromo- 
some will  lie  between  the  separated  chromosomes  in  the  diplotene 
loops. 

Simple  interlocking  is  classifiable  into  three  types  at  metaphase 
in  an  organism  with  terminalisation,  according  to  whether  the 
chiasmata,  formed  by  the  interlocked  chromosomes,  are  moving 
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away  from  the  point  of  interlocking  in  both,  one  or  neither  of  the 
pairs,  thus  (Fig.  83)  : — 

(i)  Proximal  Interlocking.  The  chiasmata  move  away  from  the 
point  of  interlocking  in  both  pairs  of  chromosomes,  owing  to  its 
being  within  the  centromere  loop. 

(ii)  Distal  Interlocking.  The  chiasmata  on  either  side  of  the 
interlocking  move  in  the  same  direction,  i.e.,  towards  one  end,  in 


Fig.  84. — The  genetical  interpretation  of  double  interlocking. 
Right,  pachytene,  and  left,  diplotene.  Crossing-over  must  have 
occurred  at  the  critical  chiasma.    (After  Mather,  1932.) 


both  of  the  interlocked  pairs,  owing  to  the  interlocking  being  distal 
to  the  most  proximal  chiasma. 

(iii)  Proximal-distal  Interlocking.  The  interlocking  is  proximal 
as  to  one  pair  and  distal  as  to  the  other. 

The  distinction  between  this  type  and  the  second  cannot  be 
expected  to  be  made  in  practice.  Both  will  appear,  in  an  organism 
with  complete  terminalisation,  indistinguishable  from  a  multiple 
chiasma  except  in  the  most  favourable  material.  They  may  both 
therefore  be  described  as  distal. 

These  kinds  of  interlocking  should  be  found  between  separate 
pairs  of  chromosomes  and  between  separate  chromosomes  of 
multiple  rings,  in  interchange  heterozygotes  and  polyploids. 

A  classification  of  the  available  observations  based  on  these 
views  shows  that  all  the  types  that  are  expected  on  the 
chiasmatype  hypothesis  are  found,  and  none  that  are  not 
expected. 


R.  A.  CYTOLOGY. 
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Table  41 
Interlocking  of  Chromosomes  at  Meiosis 

A.  In    organisms    without    complete    terminalisation    (the 

distinction    between  proximal    and    distal    being    unim- 
portant), 
(i)  Between  single  pairs  : 

Stenobothrus  lineahts  .     Belar,  1928. 

Hyacinthus  orientalis  .     'D.,ig2gb. 

Rosa  blanda          .  .     Erlanson,  1931  b. 

PcBonia  spp.          .  .     Dark,  1936. 

Allium  spp.           .  .     Levan,  1933  c,  1935. 
(ii)  Within  a  multiple  ring  : 

Pisum  sativum      .  .     Pellew  and  E.  R.  Sansome,  193 1. 
(iii)  Double  interlocking  of  single  pairs  : 

Lilium  spp.           .  .     Mather,  1933,  1935. 

Beal,  1936. 

Eremurus  spectabilis  .     Upcott,  1936. 

B.  In  organisms  with  complete  terminalisation. 
(i)  Between  single  pairs  or  multiple  rings  : 

{a)  Proximal : 

Salamandra  maculosa    .     Schreiner,  1906  b. 
CEnothera  spp.       .         .     Hoeppener  and  Renner,  1929. 

Hakansson,  1930,  a  and  b. 
Catcheside,  1931  b. 
Datura  sp.   .  .  .     Blakeslee,  1929  (diagram). 

Campanula  per sicifolia  .     Gairdner  and  D.,  1931. 
(b)  Distal: 

Oenothera  biennis  .     Cleland,  1926  a  ;  D.,  1931  c. 

Campanula  persicifolia  .     I.e. 
(ii)  Within  a  multiple  ring  (only  in  interchange  heterozygotes). 

[a)  Proximal : 

CEnothera  biennis  .     D.,  1931  c. 

Campanula  persicifolia.     I.e. 

(b)  Distal: 

CEnothera  and  Campanula.     I.e. 
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The  most  significant  type  of  interlocking  is  the  double  interlocking 
discovered  by  Mather  where  two  successive  loops  of  a  bivalent  have 
chromosomes  interlocked  with  them.  Each  loop  must  then  be 
separating  the  original  parental  chromosomes,  and  the  chiasma 
between  the  two  must  be  the  result  of  crossing-over  (Fig.  84). 

(iii)  Relational  Coiling.     Another  kind  of  evidence,  showing  that 
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Fig.  85. — Diagram  showing  that  crossing  must  have  occurred  before 
a  chiasma  could  be  formed  where  relational  coiling  is  found  on 
both  sides  of  the  chiasma.     (D.,  1935  d.) 

the  partner  chromosomes  always  separate  at  diplotene,  is  found  in 
the  occurrence  of  relational  coiling.  This  coiling  develops,  as  we 
have  seen,  during  pachytene  and  before  the  separation  of  the 
chromosomes  and  the  appearance  of  chiasmata  at  diplotene.  It 
must  therefore  be  a  coiling  of  the  partner  chromosomes  around  one 
another,  yet  it  occurs  on  both  sides  of  chiasmata  (Fig.  85).  If 
crossing-over  has  not  preceded  and  determined  such  chiasmata,  we 
must  suppose  (i)  that  the  chromosomes  were  divided  into  chromatids 
before  coiling  began,  (ii)  that  these  chromatids  were  re-assorted  into 
new  pairs  which  acted  as  units  in  coiling,  and  (iii)  that  the  chiasmata 
were  thus  pre-formed  at  the  beginning  of  pachytene  and  before  any 

9—2 
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stress  has  developed  between  the  partner  chromosomes  such  as 
could  account  for  the  special  properties  of  distribution  foimd  in 
chiasmata.  The  observed  development  of  relational  coiling,  such 
as  is  found  at  pachytene  and  diplotene  in  Chorthippus  or  Fritillaria, 
is  evidently  compatible  with  no  other  assumption  than  that  of 
crossing-over  at  chiasmata  (D.,  1935  c,  1936  h). 


5.  CROSSING-OVER   IN   STRUCTURAL    HYBRIDS 

(i)  Deficiency  Hybrids.  It  is  a  matter  of  observation  that  the  two 
chromatids  between  the  centromere  and  the  first  chiasma  pass  to 
the  same  pole  at  the  first  anaphase.  On  the  other  hand,  owing  to 
the  exchange  of  partners  at  the  chiasma,  paired  chromatids  are 
separated  on  the  other  side  of  the  chiasma.  Since  apart  from  move- 
ment of  the  chiasma,  the  paired  chromatids  are  sister  chromatids 
from  the  same  parent  chromosome,  the  first  division  is  reductional 
for  the  part  of  the  chromosome  proximal  to  the  first  chiasma  and 
equational  for  the  part  immediately  distal  to  it. 

The  results  of  this  principle  are  seen  in  the  different  types  of 
behaviour  found  in  "  unequal  bivalents."  These  bivalents  are 
usually  the  result  of  pairing  of  two  chromosomes,  one  of  which  has 
lost  an  end  segment  (Table  20) .  If  no  chiasma  and  no  crossing-over 
occur  between  the  place  where  the  difference  shows  itself  and  the 
centromere,  then  the  first  division  is  reductional  in  respect  of  the 
difference.  If  a  single  chiasma  occurs  in  this  segment,  the  first 
division  is  equational  in  respect  of  the  difference.  These  types  of 
behaviour  are  characteristic  of  particular  unequal  bivalents  for  the 
simple  reason  that  they  depend  on  the  structure  of  the  particular 
bivalents.  The  difference  in  some  cases  lies  next  to  the  centromere, 
and  no  crossing-over  can  ever  occur  between  them  ;  such  bivalents 
always  divide  reductionally  at  the  first  division  in  respect  of  the 
difference.  The  difference  in  other  cases  lies  at  the  opposite  end  of 
the  chromosome  from  the  centromere ;  they  always  form  one 
chiasma,  and  the  first  division  is  always  equational.  It  is  naturally 
to  be  expected  from  what  we  know  of  the  variable  positions  of 
chiasmata  that  certain  unequal  bivalents  should  be  found  some- 
times with  crossing-over  between  the  centromere  and  the  inequality 
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Fig.  86. — Diagram  showing  different  types  of  division  of  unequal 
chromosomes  owing,  on  the  assumption  of  chiasmatypy,  to  the 
different  relationships  of  the  inequality,  the  centromere  and  the 
chiasma,  which  may  or  may  not  be  formed  between  them. 
(Where  several  chiasmata  are  formed  the  possibilities  are  more 
numerous.)  The  arrows  represent  the  direction  of  the  change 
undergone  by  the  bivalent  between  diplotene  and  metaphase 
with  terminalisation  (incomplete  in  B).  The  inequalities  and  the 
centromeres  are  shown  blank.  A ,  first  division  regularly  reduc- 
tional  owing  to  the  centromeres  lying  next  to  the  inequality. 
B,  first  division  regularly  equational  (second  division  reduc- 
tional)  owing  to  the  centromeres  lying  at  the  opposite  end  from 
inequality  and  one  chiasma  being  formed  between  them.  C, 
first  division  reductional  or  equational  according  to  whether  a 
chiasma  is  formed  on  one  side  of  the  centromere  or  the  other. 
Co  shows  a  lateral  chiasma.  A,  Trimerotropis,  Circoieitix,  Acri- 
dium,  Stenoboihrus,  most  sex  chromosomes  (and  autosomes 
fused  with  sex  chromosomes).  B,  Phrynotettix ,  chromosome 
"  B  "  ;  Melanoplus  (Hearne  and  Huskins,  1935)  ;  C,  Phry- 
noUetix,  chromosome  "  C  "  ;  Mecostethus  gracilis  and  Trimero- 
tropis citrina  (Carothers,  1931)  ;  Stauroderus  (D.,  1936  d)  ; 
Peziza  (Matsuura  and  Gondo,  1935). 

and    sometimes   not.      Such   bivalents   are    found    frequently   in 
Orthoptera,  and  we  can  now  see  why  they  behave  in  this  way 
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(Fig.  86).  They  form  chiasmata  on  either  side  of  the  centromere, 
i.e.,  either  between  it  and  the  difference,  or  not. 

TerminaHsation  of  a  chiasma  between  two  arms,  one  of  which 
lacks  an  end,  gives  a  symmetrical  lateral  chiasma  (Fig.  86).  Such 
chiasmata  have  been  found  in  haploid  CEnothera  (Catcheside,  1932) 
and  in  PcBonia  (Dark,  1936)  as  well  as  in  Orthoptera. 

In  the  light  of  these  observations,  we  see  how  unfortunate  was 


Fig.  87. — Pachytene  pairing  in  a  double  interchange  heterozygote 
in  Zea  Mays,  diagram  and  observed  arrangement,  showing  the 
differential  segment  where  a  chiasma  will  give  a  "  figure-of- 
eight,"  cf.  Ch.  IX  (Brink  and  Cooper,  1932). 


the  attempt  made  thirty  and  forty  years  ago  to  decide  whether  the 
first  or  the  second  division  was  the  "  reduction  division."  The 
behaviour  in  regard  to  reductional  or  equational  division  of  a  part 
of  a  bivalent  depends  on  the  number  and  relationships  of  the 
chiasmata  that  he  between  it  and  the  centromere.  The  behaviour 
of  the  whole  of  a  univalent  which  forms  no  chiasmata  depends 
directly  on  the  division  or  lack  of  division  of  the  centromere.  The 
behaviour  of  the  nucleus  as  a  whole  in  having  a  reduction  of  chromo- 
some number  depends  on  the  succession  of  two  divisions  so  rapidly 


THE  FIGURE-OF-EIGHT  263 

that  only  one  division  of  the  centromeres  (and  chromomeres)  takes 
place.  Two  successive  divisions,  not  one  special  division,  are 
necessary  therefore  for  reduction.  It  is  no  longer  possible  to 
imagine  that  by  tacking  on  a  third,  as  in  "  brachymeiosis,"  two 
reductions  in  the  ordinary  sense  can  be  produced. 

(ii)  Interchange  Hybrids.  Interchange  may  occur  at  any  point 
along  a  chromosome  and  the  pachytene  pairing  of  interchange 
heterozygotes  therefore  shows  the  centromere  lying  in  one  of  the 


Fig.  88. — The  "  figure-of-eight  "  in  Pisum  at  first  metaphase. 
A  chromatid  diagram  {cf.  Plate  VI) .  The  six  chromosomes  before 
crossing-over  had  the  constitution  :  AB-BC-CXD-DF-FE-EXA. 
Crossing-over  has  given  two  new  chromatids  (or  "  daughter- 
chromosomes  ")  :  AXD  and  CXE  [cf.  Ch.  IX,  from  E.  R. 
Sansome,  1932.) 

Note. — 'The  chiasma  formed  in  the  X  segment  is  represented 
as  having  been  arrested  in  terminalisation  by  the  change  of 
homology. 

two  arms  of  the  cross  formed  by  the  four  chromosomes.  If  chiasmata 
are  not  formed  between  the  centromere  and  the  point  of  interchange 
a  simple  ring  is  formed  at  metaphase,  which  segregates,  as  we  have 
seen.  But  if  a  chiasma  is  formed  in  one  of  these  segments,  then, 
owing  to  the  crossing-over  which  has  occurred,  simple  disjunction 
is  rendered  impossible  (Fig.  ^%).  There  must  always  be  "  chromatid 
non-disjunction  "  (Sutton,  1935,  cf.  Sansome,  1933),  whichever  way 
the  four  chromosomes  arrange  themselves.  The  occurrence  and 
length  of  such  interstitial  segments  is  therefore  important  for  the 
behaviour  and  especially  for  the  fertility  of  simple  interchange 
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heterozygotes  (D.,  1936  a).  It  should  be  noted  that  where  inter- 
change occurs  between  "  rod-shaped  "  chromosomes  having  short 
arms  with  no  chiasmata  in  them,  a  ring  ot  four  can  be  formed  only 
when  there  is  crossing-over  in  this  interstitial  segment  (Fig.  89). 

When  we  come  to  consider  rings  of  six  and  larger  numbers  of 
chromosomes,  a  further  complication  arises.  Owing  to  the  negligible 
chance  of  two  interchanges  coinciding  there  will  always  be  two  or 
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Fig.  89. — Diagram  showing  the  genetic  relationship  to  be  inferred 
in  the  chromatids  of  the  ring  of  four  found  in  Trimerotropis 
citrina  by  Carothers  (1931).  The  arrows  indicate  the  spindle 
attachments,  which  are  terminal.  The  pairs  in  the  homologous 
segments  (A  and  A,  C  and  C)  being  closest  together  are  lying 
axially  in  the  spindle.  The  fact  that  the  B  and  D  segments  are 
lying  equatorially  proves  that  there  is  a  chiasma  in  A  and  in  C. 
Since  B  is  not  homologous  with  D  nor  C  with  A,  there  must  have 
been  crossing-over  between  the  centromeres  and  the  points  of 
interchange,  as  shown  in  the  diagram,  unless  chromatids  of 
opposite  chromosomes  are  associated  at  the  centromere.  This 
is  associated  with  the  formation  of  a  chiasma  in  each  case. 

Note. — This  ring,  unlike  the  normal  type,  will  have  the 
second  division  reductional  and  the  two  chromosomes  dividing 
at  random  will  give  50  per  cent,  of  non-disjunctional  progeny. 

more  chromosomes  in  such  rings  with  interstitial  segments  which 
lie  between  end  segments  neither  of  which  is  homologous  with  the 
end  segments  of  the  homologous  interstitial  segment.  Such  seg- 
ments are  differential  segments  (D.,  1936  a),  and  if  they  cross  over 
they  produce  (secondarily)  a  reverse  segmental  interchange  which 
will  reduce  the  size  of  the  ring  in  the  progeny  (Sansome,  1933, 
Brink  and  Cooper,  1935).  In  Pisum  such  crossing-over  is  frequent, 
in  Campanula  on  the  other  hand,  it  is  known  only  by  its  genetical 
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results,  and  it  is  probably  rare.  This  is  no  doubt  due  to  the  differen- 
tial segments  undergoing  non-homologous  pairing  in  continuation 
of  the  pairing  of  the  ends,  which  alone  can  therefore  cross  over  and 
form  chiasmata.  The  genetical  consequences  of  such  behaviour 
will  be  considered  in  relation  to  CEnothera  (Ch.  IX). 

(iii)  Inversion  Hybrids  (a)  Structural  Types.  We  have  so  far 
considered  organisms  in  which  the  changed  and  imchanged  segments 
have  the  same  linear  order  in  relation  to  the  centromere.  These 
may  be  described  as  eitcentric  structural  hybrids,  and  their  behaviour 
at  meiosis  is  remarkable  merely  in  showing  multiple  associations, 
like  those  of  polyploids,  and  unequal  bivalents,  sometimes  with 
lateral  chiasmata.  Structural  change  may,  however,  reverse  the 
linear  order  in  relation  to  the  centromere,  and  we  then  have  a 
dyscentric  structural  hybrid.  The  simplest  way  in  which  this  change 
can  arise  is  by  simple  inversion  of  a  segment.  Such  changes  have 
long  been  recognised  genetically  in  Drosophila,  and  have  recently 
been  identified  in  the  salivary  glands  and  at  pachytene  in  maize. 
They  may  also  arise  with  translocation  of  a  segment  from  one 
chromosome  to  another  or  from  one  arm  of  a  chromosome  to  another. 
Thus,  if  a  comma  represents  the  centromere,  a  chromosome 
ahcd,efgh  becomes  abcd,egfh  by  simple  inversion  and  abfgcd,eh  by 
inversion  of  fg  combined  with  internal  translocation  ;  this  last  by 
crossing-over  with  a  normal  chromosome  will  give  ahfgcd,efgh,  in 
which  the  inverted  segment  is  reduplicated.  It  will  be  noticed  in 
this  last  chromosome  that  fg  is  not  inverted  in  relation  to  the  ends, 
but  only  in  relation  to  the  centromere,  and  inversion  so  defined  is 
the  essential  property  of  a  dyscentric  hybrid.  Inversion,  including 
the  centromere,  it  should  be  noted,  is  not  inversion  with  respect  to 
the  centromere ;  thus  ahcd,efgh  -f-  ahce^dfgh  gives  a  eucentric 
hybrid  (D.,  1936  d). 

(b)  The  Results  of  Crossing-Over.  Inversion,  whether  including 
the  centromere  or  not,  results  in  the  reverse  pairing  of  a  loop  at 
pachytene  (in  Zea,  Tulipa  and  Chorthippus) ,  and  is  recognised  in 
Drosophila  by  an  exactly  similar  behaviour  in  the  salivary  glands 
(Ch.  V).  Sometimes,  however,  the  inversions  may  pair  straight  at 
pachytene,  non-homologous  parts  associating  in  a  proportion  of 
cells  by  torsion  and  not  by  attraction  (McClintock,  1933,  on  Zea^ 
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Fig. 

Figs,  go  and  91. — End  of  pachytene  and  metaphase  configurations 
of  a  pair  of  chromosomes  differing  in  respect  of  a  single  inversion. 
S,  single  crossing-over  in  the  inversion ;  R,  reciprocal,  C, 
complementary  and,  D,  disparate  crossing-over  in  the  inversion. 
d  and  p,  crossing-over  distal  and  proximal  to  the  inversion.  One 
chromosome  broken,  the  other  entire  except  for  breaks  at  point 
of  inversion. 
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D.,  1936  d,  on  Chorthippus,  cf.  Ch.  XII).  Such  association  probably 
prevents  crossing-over,  and  merely  reduces  the  total  chiasma- 
frequency  of  the  hybrid. 

The  later  behaviour  which  characterises  a  dyscentric  hybrid 
appears  only  when  crossing-over  has  taken  place  between  the 
dislocated  {i.e.,  relatively  inverted)  segments.  This  behaviour 
depends  on  the  number  of  crossings-over  and  their  relationships 
within  the  dislocated  segments  and  proodmal  to  them,  i.e.,  between 
them  and  their  centromeres  (Richardson,  1936,  D.,  1936  d). 

The  result  of  crossing-over  is  to  produce  chiasmata  which  may  be 
seen  to  be  inverted,  either  directly  (in  Chorthippus  and  Pceonia)  or 
by  the  inequality  of  the  corresponding  arms  (as  in  Tulipa).  Where 
two  chiasmata  are  formed  in  the  inversion  they  are  no  doubt  liable 
to  move  apart,  owing  to  greater  repulsion  within  the  loop  than 
outside  it. 

At  anaphase  the  behaviour  depends  on  the  fact  that  crossing-over 
between  two  dislocated  chromatids  gives  one  dicentric  chromatid 
(with  two  centromeres)  or  loop  chromatid,  and  one  acentric  chroma- 
tid (with  no  centromere).  The  dicentric  chromatid  makes  a  bridge 
at  the  first,  and  the  loop  chromatid  at  the  second  division  ;  the 
acentric  chromatid  makes  a  passive  fragment. 

The  five  kinds  of  separation  found  at  first  anaphase  in  dyscentric 
hybrids  without  duplication  within  one  chromosome  are  as  follows 
(Fig.  91)  :— 

1.  Normal  separation,  possibly  delayed  by  exceptional  tension  : 
with  reciprocal  chiasmata  within  the  inversion,  whatever  chiasmata 
are  proximal  to  the  inversion. 

2.  A  chromatid  bridge  and  a  fragment :  with  a  single  chiasma  in 
the  inversion,  or  with  two  disparate  chiasmata  in  the  inversion,  or 
with  a  chiasma  proximal  to  the  inversion,  which  is  comparate 
(reciprocal  or  complementary)  with  regard  to  chiasmata  in  the 
inversion. 

3.  Two  chromatid  bridges  and  two  fragments  :  with  two  comple- 
mentary chiasmata  in  the  inversion. 

4.  A  loop  chromatid,  two  normal  chromatids  and  a  fragment :  with 
a  chiasma  proximal  to  the  inversion  which  is  disparate  with  respect 
to  a  chiasma,  or  chiasmata  of  Type  2,  in  the  inversion. 
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5.  Two  loop  chromatids  and  two  fragments  :  with  a  chiasma 
proximal  to  the  inversion,  which  is  disparate  with  respect  to  comple- 
mentary chiasmata  in  the  inversion . 

We  thus  see  that  pairs  of  crossings-over  in  the  inversion  may  be 
in  a  complementary,  reciprocal  or  disparate  relationship  with  one 
another.  On  the  other  hand  when  crossing-over  occurs  proximal 
to  the  inversion  it  may  be  in  a  comparate  (complementary  or 
reciprocal)  or  disparate  relationship  with  the  crossing-over  (single 
or  double)  in  the  inversion.  The  comparate  relationship  makes  no 
observable  difference  to  the  effects  of  crossing-over  in  the  inversion. 
I'he  disparate  relationship  has  the  effect  of  replacing  first  division 
bridges  by  loops  which  will  give  second  division  bridges. 

Table  41A. 
Results  of  Dyscentric  Crossing-over 


Crossing-over  in  inversion 

No  crossing-over  proximal 

to  inversion  or  comparate 

crossi  ng-over 

Disparate  crossing-over 
proximal  to  inversion 

Single  or  disparate 

Complementary 

Reciprocal 

bi  -f  f 

2bl   +   2ff 

Tension. 

b"  +  fi 

2b"   +   2ff2 

Tension. 

(f,  acentric  chromatid  ;  b^  first  division  bridge  ;  b"  second  division 
bridge  from  first  division  loop). 

^  Disparate  crossing-over  proximal  to  two  disparate  cross-overs  in  the 
inversion  is  that  where  a  chromatid,  which  had  a  cross-over  in  the  inversion, 
crosses  over  with  one  which  had  two,  or  none  in  the  inversion.  The  other  two 
kinds  of  crossing-over  are  comparate. 

^  Where  two  loops  are  formed  they  sometimes  interlock  at  the  first  division. 
In  this  case  the  two  second  division  bridges  are  interlocked  unless  they  are 
broken  [Tulipa). 

It  is  difficult  to  observe  the  pachytene  pairing  of  short  inversions 
directly  and  to  determine  the  exact  length  of  long  ones,  owing,  as 
we  saw,  to  their  pairing  straight,  wholly  or  in  part,  as  though  they 
were  normal.  It  is  therefore  desirable  to  estimate  the  length  of  an 
inversion  indirectly.  For  this  purpose  two  assumptions  can  be 
made,  (i)  Its  length  is  not  less  than  the  proportion  indicated  by 
the  frequency  of  single  chiasmata  in  it,  as  shown  by  the  sum  of 
first  and  second  division  bridges,    (ii)  Its  length  is  less  than  that  of 
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Fig.  92. — The  results  of  crossing-over  in  inversions  in  Chorthippiis. 
a,  pachytene  pairing,  h,  diplotene  bivalent  which  has  single 
crossing-over  between  two  relatively  inverted  and  translocated 
segments,  giving  an  acentric  and  ring  chromatid,  c,  d,  first 
anaphase  and  telophase  with  bridge  and  fragment  {X  chromo- 
some also  solid),  e,  first  division  bridge  surviving  at  second 
telophase.  /,  second  division  bridge  {M  chromosome)  with 
fragment  left  in  sister  cell.      X  ca.  2000  (D.,  1936  d). 

the  acentric  fragment  by  the  sum  of  the  lengths  of  chromosome 
distal  to  it  and  less  than  that  of  the  bridge  by  the  sum  of  the  lengths 
of  chromosome  proximal  to  it.     Further  the  relative  lengths  of 
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inversions  are  indicated  by  the  relative  frequency  of  double  as  well 
as  single  bridges,  and  in  determining  the  position  of  an  inversion 
the  relative  frequency  of  second  to  first  division  bridges  should  be 
correlated  with  the  length  of  the  bridges  themselves.  Where  the 
fragment  is  a-shaped  there  has  been  a  chiasma  in  the  straight 
segment  distal  to  the  inversion. 

In  animals  and  plants  with  several  inversions  it  is  not  always 
possible  to  define  each  one.  But  it  is  possible  to  obtain  quantitative 
data  showing  what  the  comparative  biological  importance  of 
inversion  hybridity  is  in  different  forms.  We  can  calculate  the 
approximate  frequency  of  crossing-over  between  relatively  inverted 
segments  by  adding  together  the  frequencies  of  bridges  at  the  first 
and  second  division  per  mother  cell  (not  per  cell),  counting  at  the 
same  time  all  double  first  division  bridges  as  six,  instead  of  two, 
since  these,  resulting  from  complementary  crossing-over,  presumably 
represent  equal  numbers  of  reciprocal  crossings-over  which  do  not 
give  bridges,  and  disparate  crossings-over  which  give  only  one  bridge 
for  two.  This  calculation  will  not  allow  for  the  corresponding  result 
in  second  division  bridges,  nor  will  it  allow  for  triple  crossing-over 
in  inversions ;   these,  however,  will  always  be  very  rare. 

The  inversion  crossing-over  frequency  obtained  in  this  way  is 
itself  an  index  of  the  effect  of  the  hybridity  on  the  fertility  of  the 
organism.  By  dividing  this  value  by  the  average  chiasma-frequency 
per  cell  we  can  obtain  a  coefficient  of  hybridity  in  regard  to  inversions. 
With  this  datum  comparison  may  be  made  of  the  hybridity  equili- 
brium in  different  natural  populations  (D.,  1936  d).  The  equilibrium 
is  highest  in  plants  that  are  largely  propagated  by  asexual  means, 
lowest  in  plants  with  self-fertihsation,  and  intermediate  in  the 
insect  populations  that  have  been  examined. 

(c)  Later  Behaviour  of  Dyscentric  Configurations.  With  regular 
disjunction  a  short  chromatid  bridge  is  broken  at  the  anaphase  at 
which  it  appears,  a  long  one  may  persist  until  it  is  broken  by  the 
separation  of  pollen  grains  or  spermatids.  The  acentric  fragment  is 
entirely  passive.  It  may  either  lie  free  on  the  plate  or  be  strangled 
by  the  bridge  chromatid  coiling  round  it.  Such  a  fragment  may  be 
carried  into  the  nucleus,  and  has  been  seen  lagging  in  the  pollen- 
grain  mitosis  in  Podophyllum  (D.,  1936  b). 
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So  much  applies  to  simple  inversions  or  external  inverted  trans- 
locations (in  which  the  two  pairing  segments  are  attached  to  two 
centromeres),  but  we  may  equally  have  the  pairing  of  dislocated 
segments  within  one  chromosome  (inverted  duplication),  or  as  part 
of  a  trivalent  combination.  Crossing-over  within  one  chromosome 
may  be,  so  to  speak,  between  a  chromatid  and  itself  or  between  two 
sister  chromatids.  The  first  will  give  a  ring  chromatid,  which  will 
perpetuate  itself  as  a  ring  chromosome  (as  found  in  attached  X's 
with  an  inversion  in  Drosophila,  Tiniakov,  1935).  The  second  will 
give  a  loop  chromatid  and  a  second  division  bridge. 

Where  three  chromosomes  are  associated  in  an  interchange 
hybrid  or  a  polyploid,  the  two  centromeres  of  the  dicentric  chromatid 
sometimes  pass  to  the  same  pole.  Such  a  dicentric  chromatid  may 
perpetuate  itself  normally,  as  in  Ascaris,  if  the  whole  of  each 
daughter  chromatid  goes  to  the  same  pole.  But  sooner  or  later  they 
will  go  to  opposite  poles  and  a  reciprocal  bridge  will  be  formed  at 
the  mitotic  anaphase  (Tulipa,  Upcott,  unpub.,  cf.  Ch.  X  (iii)  ). 

The  consequences  of  crossing-over  in  a  dyscentric  hybrid  are 
different  in  egg  cells  and  male  germ  cells  on  account  of  the  spatial 
arrangements  resulting.  This  is  important,  because  genetical 
observations  on  crossing-over  in  Drosophila  are  confined  to  the 
female.  Sturtevant  (1926  h)  found  that  crossing-over  was  sup- 
pressed in  inversion-heterozygotes  between  the  dislocated  segments 
apart  from  double  crossing-over.  Yet  later  workers  (Stone  and 
Thomas,  1935  ;  Griineberg,  1935)  have  found  that  the  viabifity  of 
eggs  is  not  reduced  by  the  proportion  of  the  expected  single  cross- 
overs. The  reason  for  this  is  now  clear.  The  four  products  of 
meiosis  lie  in  a  row  in  the  embryo-sac  or  egg  mother-cell  {egg 
nucleus  and  polar  bodies)  and  squarely  or  equidistant  in  the  pollen 
or  sperm  mother  cells.  Beadle  and  Sturtevant  (1935)  have  found 
that  the  cross-over  chromatids  taking  part  in  the  bridge  never  enter 
into  the  functional  female  nucleus,  which  is  an  end  nucleus  in  the 
row.  They  conclude  that  the  bridge  holds  together  so  that  its  parts 
never  .pass  into  this  end  nucleus.  The  deleterious  effect  of  crossing- 
over  in  inversion  hybrids  will  therefore  be  less  serious  in  female 
than  in  male  gamete  formation. 

(d)  Significance  of  Crossing-Over  in  Inversions.    The  consideration 
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of  the  crossing-over  properties  of  dyscentric  hybrids  is  important 
for  several  reasons.  First,  it  enables  us  to  distinguish  the  results 
of  different  crossing-over  relationships  between  chiasmata — 
reciprocal,  complementary  and  disparate.  Secondly,  it  explains 
different  kinds  of  chromosome  behaviour  found  at  meiosis  in 
structural  hybrids  and  not  hitherto  understood.  It  therefore 
enables  us  to  detect  the  presence  of  these  kinds  of  structural 
differences  in  nature.  Thirdly,  it  shows  how  new  chromosome 
types  such  as  have  been  found  in  nature  can  arise  from  crossing- 
over  in  such  hybrids,  i.e.,  by  secondary  structural  change.  Cases 
described  earlier  as  the  result  of  fragmentation  are  probably  often 
due  to  this  crossing-over,  and  spontaneous  ring  chromosomes  such 
as  have  been  found  can  imdoubtedly  arise  from  the  crossing-over 
observed  between  inverted  and  translocated  segments  in  Chorthippus. 
Fourthly,  it  provides  us  with  a  natural  experiment  in  the  behaviour 
of  the  centromere,  showing  its  permanence  and  individuaUty,  as 
well  as  what  happens  to  chromatids  with  two  centromeres  and  with 
none,  and  hence  the  vital  importance  of  its  position  in  the  chromo- 
some. 

But  crossing-over  in  inversions  is  perhaps  of  most  immediate 
interest  in  showing  the  frequency  with  which  inversions  occur  and 
give  rise  to  inversion  hybrids,  not  only  when  races  and  species  are 
crossed,  but  also  within  a  normally  mating  wild  population.  Their 
importance  in  a  natural  population  depends  to  some  extent  on  the 
abnormal  results  of  crossing-over  in  giving  new  chromosome  types, 
but  to  a  much  greater  extent,  at  least  in  diploids,  on  their  effect  in 
suppressing  effective  crossing-over  and  therefore  in  holding  groups 
of  genes  together  in  such  a  way  that  they  will  behave  as  units  of 
crossing-over  although  they  are  not  units  of  mutation  (D.,  1936 
a  and  d). 

Table  42 
Dyscentric  Structural  Hybrids 

I.  Irradiated  Stocks. 

Zea  Mays  {2x).    McClintock,  1931.    pach.,  ana.  I. 

Drosophila  melanogaster  {2x).  Painter,  1934  b  ;  Painter  and  Stone,  1935  ; 
Griineberg,  1935  '•  Beadle  and  Sturtevant,  1935  ;  Muller  and  Proko- 
fieva,  1935  (salivary  gland)  ;  Sturtevant  and  Plunkett,  1926  ;  Sturte- 
vant, 1926;   Sturtevant  and  Dobzhansky,  1930  (breeding  experiments) . 

Viciafaba  {2x).     Mather,  1934.     met.  I. 
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Natural  Populations. 
Plants : 

Trillium  erectum  {ix).     S.  G.  Smith,  1935.     ana.  I. 

Tulipa  Orphanidea  et  al.  {2x,  ^x  and  5;^).     Upcott,  unpub.    pach.  dip.  ana. 
I  and  II. 

Fritillaria  dasyphylla  et  al.   {ix  and  ^x).     Frankel,  unpub.     ana.  I  and  II. 

Agave  sisalana.     Doughty,  unpub.     ana.  I. 

Secale  cereale  (inbred).     Lamm,  1936.    ana.  I. 

PcBonia  peregrina.    Dark.  1936.    ana.  I. 

JEsculus  Hippocastanum.     Upcott,  1936.    ana.  I. 

Tradescantia  gigantea  {2x).     Upcott,  unpub.    ana.  I. 

Pisum  humile.    Sutton,  unpub.    ana.  I. 


D.,  1936  d.     pach.,  dip.  ana.  I  and  IT. 


Animals  : 

Chorthippus  paralleluS(^ 

Stauroderus  bicoloVf^ 

Drosophila  melanogaster.     Painter,  1934  ^>  salivary  gland. 

D.  funebris,  etc.     Dubinin,  et  al.,  1936,  salivary  gland. 

Anas  platyrrhynca^     Roller,  unpub. 

Chironomus  dorsalis.     Bauer,  1935  a,  salivary  gland. 

3.  Inter-racial  Hybrids. 

Avena  sativa.     Philp,  unpub.     ana.  I  and  II. 

Drosophila pseudo-obscura.    Roller,  1935,  1936  ;   Tan,  1935,  salivary  gland. 

4.  Interspecific  Hybrids. 

Triticiim  dicoccum  X  T.  monococcum  {^x).    Mather,  1935.    ana.  I. 

Lilium  Martagon  X  L.  Hansoni  {2x).    Richardson,  1936.    ana.  I  and  II. 

Tradescantia  {^x,  probably  2X  X  4X).    D.,  and  Upcott,  unpub. 

Primula  kewensis  {2x).     Upcott,  unpub.     ana.  I. 

JEsculus  carnea  (Sat).     Upcott,  1936. 

Pisum  humile  X  P.  arvense.     Hakansson,  1936.    ana.  I. 

Crepis  divaricata  X   C.  dioscoridis  {2x).     Miintzing,  1934.     ana.  I. 

Drosophila  melanogaster  x  D.  simulans  {2x).    Patau,  1935,  salivary  gland. 

Anas  platyrrhynca  x  Cairinamoscata  {2x).    Crew  and  Roller,  1936.   ana.  I 
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Matthiola  incana. 

Uvularia  grandiflora  (Fig.  5,  "  fracture  "), 

Hyacinthus  orientalis  {2,x). 

A  ucuba  japonica  {^x) . 

Stenobothrus  lineatus,  living  cells  (Fig.  68  I.e.). 

Hosta  sp. 

Gasteria  sp. 

Melanoplus  femur-rubrum ,  living  cells  (Plate 

XVI). 
Antennaria  solitaria. 
Avena  sativa  {()x)   X  A.  strigosa  [2x). 
Briza  media  (Figs.  3A,  16). 
Narcissus  tazetta  (Fig.  64). 
Allium  schosnoprasum  (Fig.  36,  ^x). 
A.  nutans  (Fig.  52A,  ^x). 
Triticum  monococcum  {n  =  7,  haploid). 
Lilium  longiflorum. 
Allium  scordoprasum  {^x). 


PLATE  IX 

The    Results    of    Crossing-over    in    Inversion    Heterozygotes 

{cf.  Text-Fig.  92) 

Figs.  1-3. — Chovihippus  parallelus,  ^.     (D.,  1936  d.) 

Fig.  I. — Diplotene  with  chiasma  between  two  relatively  translocated 
and   inverted   segments  within   the    same    bivalent   (Text-Fig.   92   h). 

Fig.  2. — First  anaphase,  dicentric  bridge  and  acentric  fragment. 

Fig.  3. — Second  anaphase,  second  division  bridge  in  ISI  chromosome. 

Fig.  4. — Beginning  of  first  anaphase  in  Pceofiia,  showing  inversion 
chiasma  separating.     [Cf.  Dark,  1936.) 

Fig.  5. — Bridge    and    fragment   in   diploid    Tiilipa,   first   anaphase 
X  2000.     (Upcott,  unpublished.) 

Fig.  6. — Univalent  and  bivalent  bridge  formation  in  triploid  Tulipa, 
three  acentric  fragments.      X  2000.      (Upcott,  unpublished.) 

Fig.   7. — Acentric  ring  chromatid  produced  by   inversion    crossing 
over  at  first  anaphase  in  Tulipa.      X  1400.     (Upcott,  unpublished.) 

Figs.    8    and    9. — A     ntric    chromatid    in    pollen   grain    mitosis   of 
Podophyllum  at  two  focuses.     (D.,  1936  b.) 
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(iv)  Secondary  Structural  Change.  Crossing-over  in  structural 
hybrids  of  the  kind  that  has  been  discussed  gives  rise  to  recognisably 
new  forms  of  chromosomes.  There  is  an  exchange  of  dissimilar 
segments  between  chromosomes  with  two  such  segments,  as  a  result 
of  crossing-over  in  the  region  between  them.  We  have  seen  how  it 
occurs  in  the  differential  segments  of  multiple  interchange  hybrids 
and  also  in  dislocated  segments  in  inversion  hybrids.  This  crossing- 
over  resembles  interchange  with  the  difference  that  it  can  occur 
only  at  meiosis  and  will  occur  only  at  particular  places.  Moreover, 
it  will  occur  with  a  regular  frequency.  We  can  therefore  distinguish 
by  the  later  results  between  this  secondary  structural  change  and 
primary  interchange  even  when  its  immediate  consequence  of 
chiasma  formation  is  not  seen. 

The  precise  circumstances  of  secondary  structural  changes  have 
been  determined  cytologically  and  genetically  in  two  experiments. 

(i)  Females  of  Drosophila  were  taken  having,  in  the  first  place,  two 
structural  differences  between  different  parts  of  their  X  chromosomes, 
viz.,  attachment  and  non-attachment  of  Y'  (Fig.  121)  ;  fragmenta- 
tion into  two  parts,  one  of  them  attached  to  the  fourth  chromosome 
and  non-fragmentation  ;  and,  in  the  second  place,  two  gene  differ- 
ences lying  between  the  two  structural  differences.  They  were 
crossed  to  males  having  a  single  normal  (i.e.,  non-fragmented  and 
non-attached)  X  chromosome  with  the  two  corresponding  genes 
recessive.  The  gene  differences  immediately  adjoined  the  two 
structural  differences,  so  that,  in  examination  of  the  offspring,  if 
crossing-over  was  seen  to  have  taken  place  in  an  oocyte  by  the  genetic 
character  of  the  individual  derived  from  it,  new  chromosome  types 
having  the  two  kinds  of  structure  at  each  end  of  the  X  chromosome 
should  be  found  cytologically  in  that  individual,  and  where  no 
genetical  evidence  of  crossing-over  was  seen,  one  of  the  two 
maternal  types  of  X  should  be  found.  This  was  tested  in  four 
experiments.  Crossing-over  with  formation  of  new  chromosome 
types  was  found  in  156  flies  ;  no  crossing-over  was  found  with  no 
new  chromosome  types  in  203  flies  ;  two  unexpected  types  were 
found  and  three  contrary  to  expectation  ;  these  are  believed  to  be 
due  to  errors  of  genetical  recording  such  as  cannot  be  eliminated 
entirely  (Stern,  1931). 
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(ii)  An  interchange  and  reduplication  heterozygote  in  maize  was 
recognised  by  its  having  a  ring  of  four  chromosomes,  one  of  which 
had  a  small  extra  segment  seen  at  prophase  of  meiosis.  When  this 
was  crossed  back  to  a  form  homozygous  in  respect  of  both  the 
interchange  and  the  reduplication  the  progeny  could  be  classified 
cytologically  according  to  the  observed  occurrence  of  crossing-over 
between  the  point  of  interchange  and  the  point  of  reduplication. 
They  could  also  be  classified  genetically  according  to  the  occurrence 
of  crossing-over  between  factors  known  on  previous  evidence  to 
occur  in  the  segment  between  the  interchange  difference  and  the 
reduplication  difference.  The  two  classifications  agree  to  the 
extent  that  would  be  predicted  from  the  previously  known  linear 
order  of  the  factors  studied  (Creighton  and  McClintock,  1931). 

The  characteristic  results  by  which  we  recognise  secondary 
structural  change  are  the  appearance  of  frequent  new  chromosomes 
of  particular  types,  especially  fragments,  and  genetically  the  appear- 
ance of  new  mutations.  In  CEnothera  this  method  of  mutation  will 
be  described  in  detail  (Ch.  IX). 

The  new  fragments  probably  arise  in  one  of  two  ways.  Either 
an  interchange  results  from  crossing-over  and  is  unequal,  so  that 
one  very  large  and  one  very  small  new  chromosome  are  produced. 
Or  the  crossing-over  is  between  relatively  inverted  segments,  giving 
a  bridge  which  breaks  and  so  leaves  a  deficient  chromosome.  This 
second  method  will  probably  be  effective  in  polyploids. 

The  circumstances  favouring  secondary  structural  changes  are  of 
several  kinds,  which  require  separate  consideration.  First,  we  have 
the  interspecific  hybrids  wh/ich  are  presumably  structural  hybrids 
such  as  those  that  have  already  been  considered.  Thus  in  derivatives 
from  interspecific  crosses  with  Avena  saliva  and  of  the  hybrid 
A.  strigosa  X  A.  barbata,  Nishiyama  (1933, 1934)  and  Philp  (1934  b) 
have  found  new  types  of  small  chromosome  attributable  to  crossing- 
over  (c/.  also  Buxton  and  D.,  1932,  in  Digitalis;  Katayama,  1935, 
in  jEgilolricum  ;  and  Ono,  1935,  in  Rumex). 

Hybrids  that  have  been  made  between  Crepis  species  having 
chromosomes  of  different  shapes,  reveal  the  occurrence  of  secondary 
structural  changes.  It  would  be  expected  that,  crossing-over 
having  taken  place  between  them  in  the  first  generation,  chromo- 
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somes  of  new  shapes  would  appear  in  the  second.  Such  new 
chromosomes  have  been  found  in  the  progenies  of  two  triploid 
Crepis  hybrids  ;  C.  capillaris  X  C.  aspera  (Nawaschin,  1927) 
and  C  capillaris  X  C.  tedorum,  CCT  (Holhngshead,  1930  b).  In 
the  first,  a  chromosome  of  capillaris,  in  the  second,  one  of  tectorum, 
had  lost  a  portion  of  one  arm.  In  both  it  is  to  be  supposed  that 
the  conditions  of  zygotene  pairing  in  the  triploid,  where  one  thread 
at  any  point  is  unpaired,  had  rendered  possible  crossing-over 
between  relatively  translocated  segments.  Evidence  that  such 
crossing-over  occurs  in  the  triploid  with  segregation  of  cross-overs 
and  non-cross-overs  is  found  in  the  fact  that  the  derived  tetraploid 
(c/.  Table  26)  is  a  weak  plant  unlike  any  tetraploid  produced  by 
simple  doubling. 

The  attachment  of  the  X  and  Y'  chromosomes  in  Drosophila 
resembles  a  secondary  structural  change,  occurs  always  in  the  same 
way  and,  like  the  half-mutants,  with  a  definite  frequency,  once  in 
1,500  to  2,000  times  (Stern,  1929  a).  Since  the  association  occurs 
at  a  point  where  the  two  chromosomes  are  probably  homologous, 
it  is  possible  that  it  arises  through  crossing-over  {cf.  D.,  1931  a, 
and  Fig.  121).  This  conclusion  has  now  been  confirmed  by  Kauf- 
mann  (1934,  cf.  D.,  1935/),  who  has  found  the  complementary  cross- 
over types. 

Analogous  with  this  is  the  origin  of  new  chromosome  types 
following  crossing-over  in  structural  hybrid  Drosophila  whose 
hybridity  is  the  result  of  X-ray  changes,  as  in  Stern's  experiment 
described  above  {cf.  MuUer,  1930  a).  Similarly,  crossing-over 
within  an  inversion  including  the  centromere  will  give  the  kind  of 
chromosome  that  is  found  in  secondary  trisomies  in  Datura  and  Zea. 
Since  it  will  survive  only  as  an  extra  chromosome,  its  discovery 
indicates  that  the  change  determining  it  is  not  rare. 

Secondly  we  have  allopolyploids  in  which,  as  an  exception, 
homologous  but  structurally  differentiated  chromosomes  from 
different  sets  will  pair.  Two  abnormalities  of  inheritance  not  found 
in  diploids  are  conceivable  in  such  allopolyploids,  and  both  have 
been  found.  Consider  three  homologous  but  different  pairs  of 
chromosomes  in  a  hexaploid,  AA,  BB,  CC.  One  of  these  may  be 
lost  whether  at  mitosis  or  at  meiosis  to  give  ABC,  AB-.    In  breeding 
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this  heterozygous  type,  AB-  AB-  will  be  produced,  a  homozygous 
form  with  more  extreme  abnormality  than  the  heterozygote.  Such 
a  new  form,  however,  usually  results  from  pairing  of  B  and  C,  and 
this  pairing  involves  crossing-over  between  these  dissimilar  chromo- 
somes. When  the  changed  C  chromosome  is  lost,  this  crossing-over 
makes  no  difference.  But  sometimes  it  is  not,  and  we  have  a  gamete 
of  the  make-up  ABC^  (C^  being  a  C  chromosome  which  contains  a 
segment  of  B  through  crossing-over)  and  zygotes  of  the  make-up 
ABC,  ABC^  and  ABC^,  ABC^  are  produced.  These  are  hetero- 
zygous and  homozygous  for  the  C^  chromosome,  and  appear  as 
mutants  from  the  original  type.  Such  mutants  must  be  taken  to 
be  the  products  of  secondary  segregation  in  the  polyploid.  They 
have  been  found  in  Primula  kewensis  and  Nicotiana  Tahacum  (R.  E. 
Clausen,  1931),  but  it  is  in  the  hexaploid  cereals  that  their  effect  on 
inheritance  has  been  studied  in  the  greatest  detail.  Spelt oid  wheats 
and  fatuoid  oats  both  arise  by  these  means  (Winge,  1924  ;  Huskins, 
1927,  1928  ;  Hakansson,  1931  ;  Nishiyama,  1931,  1933  ;  Philp, 
1933)-  Moreover,  it  has  been  possible  to  identify  the  parts  of  the 
C  chromosome  whose  loss  is  responsible  for  mutation  in  this  way. 
Heterozygous  fatuoids,  ABC,  AB — ,  produce  some  offspring  in  which 
the  C  chromosome  has  been  replaced  by  a  shorter  chromosome 
which  has  lost  either  the  shorter  arm  which  suppresses  the  fatuoid 
character  or  the  longer  arm  which  conditions  normal  meiosis. 
(Nishiyama,  1935  ;  Uchikawa,  1934).  Both  these  losses  are  pre- 
sumably due  to  crossing-over  between  the  middle  of  the  C  chromo- 
some and  an  homologous  segment  near  the  end  of  B  or  some  other 
chromosome. 

The  third  circumstance  of  secondary  structural  change  is  by  intra- 
haploid  pairing.  This  occurs  in  haploids,  triploids  and  imbalanced 
forms  such  as  trisomic  diploids  and  trisomic  tetraploids.  In  all 
these  there  are  one  or  more  unpaired  chromosomes.  If  these  contain 
amongst  themselves  reduplicated  segments  they  will  pair,  cross- 
over and  give  secondary  structural  changes.  There  is  now  evidence 
for  every  step  in  the  process  in  different  organisms.  The  reduplicated 
segments  have  been  found  in  the  haploid  complement  of  Drosophila 
(Bridges,  1936  ;  MuUer,  1935).  The  pairing  between  different 
chromosomes  in  the  haploid  has  been  found  in  CEnothera  (Catcheside, 
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1932),  Triticum  monococcum  (Kihara  and  Katayama,  1932),  Phar- 
hitis  (Katayama,  1935),  and  Zea  (polymitotic  pollen,  Beadle,  1931, 
1933)-    That  this  pairing  is  by  chiasmata  resulting  from  homologous 
association  is  indicated  by  the  symmetrical  lateral  chiasmata  in 
(Enothera  and  the  inversion-chiasmata  giving  chromatid  bridges  in 
Triticum  (Katayama,  1935),  structures  both  characteristic  of  the 
pairing  of  homologous  segments  intercalated  in  non-homologous 
chromosomes.     Quadruple  chiasmata  have  been  found  in  diploid 
PcBonia  (Dark,  1936),  and  evidence  of  reduplication  within  par- 
ticular chromosomes  in  Tradescantia  (D.,  1929  c).    Particular  frag- 
ments arise  in  trisomies  in  Solanum  (Lesley  and  Lesley,   1929), 
Matthiola    (Frost,    1927)    and   Nicotiana    (R.    E.    Clausen,    1931). 
"  Mutations  "  occur  with  specially  high  frequency  in  the  progeny 
of  haploid  (Enothera  (Davis  and  Kulkarni,  1930  ;   Stomps,  1931). 

The  dyscentric  crossing-over  in  Secale  (Lamm,  1936),  probably 
depends  on  intra-haploid  pairing.     It  appeared  in  diploid  plants 
produced  by  inbreeding  and  was  associated  with  reduced  precocity 
and  some  failure  of  pairing.    It  seems  probable  that  the  legitimate 
pairing  was  irregularly  restricted  on  the  time-limit  principle,  and 
segments  deprived  of  their  legitimate  partner  by  its  premature 
division  have  paired  with  reduplicated  homologous  segments  else- 
where, and  some  of  these  have  made  dyscentric  partners.    The  high 
frequency  of  intra-haploid  crossing-over  makes  it  clear  that  the 
common  notion  of  a  diploid  derived  from  non-reduction  in  a  haploid 
being  necessarily  homozygous  is  a  delusion.     Furthermore,  a  con- 
dition of  intra-haploid  reduplication  is  shown  by  these  observations 
to  be  widespread  if  not  universal.    This  conclusion  is  supported,  as 
we  have  seen,  by  salivary  gland  structures  in  Drosophila.     Its 
bearing  on  the  theory  of  gene  differentiation  and  haploidy  will  be 
considered  later.     Its  effect  on  the  ordinary  mechanism  may  be 
summarised    by    saying    that    every    organism    with    intercalary 
reduplications  can,  by  crossing-over  between  them,  give  rise  to  new 
chromosome  types  and  to  new  relatively  unbalanced  genotypes. 
Furthermore,  if  chromosomes  containing  these  reduplications  are 
unpaired,   as  in   a  triploid  or  trisomic,   such  changes  will  occur 
especially  frequently.    That  is  why  crossing-over  between  relatively 
inverted  segments  seems  to  be  commoner  in  triploids  than  in 
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corresponding  diploids,  for  in  the  triploid  it  results  not  only  from 
structural  hybridity,  but  also  from  intra-haploid  reduplication. 

We  have  seen  that  one  of  the  essential  properties  of  secondary, 
as  opposed  to  primary  structural  change,  is  that  it  is  exactly 
repeatable.  All  exactly  repeated  or  exactly  reversed  changes  that 
have  been  described  as  primary  must  therefore  be  under  suspicion. 


Table  43 

Secondary  Structural  Changes  due  to  Crossing-Over  after  Primary  Changes 


Primary  Change. 


1.  Dyscentric  inversion. 

2.  Dyscentric    transloca- 

tion to  same  arm. 

3.  Dyscentric    transloca- 

tion to  opposite  arm 
of  same  chromosome. 

4.  Dyscentric  interchange . 


5.  Simple  external  inter- 

change. 

6.  Compound       external 

interchange. 

7.  External        transloca- 

tion. 

8.  External       dyscentric 

translocation. 

9.  Translocation  to  same 

arm. 

10.  Internal  interchange. 

1 1 .  Translocation  to  oppo- 
site arm. 


Effect  on  Meiosis. 


Dicentric  and  acentric 

chromatids. 
Dicentric  and  acentric 

chromatids. 
Asymmetrical  bivalent 

and  as  above. 

(At  mitosis)  dicentric 
and  acentric  chroma- 
tids. 

Ring  of  four. 

Ring  of  six,  etc.,  and 

"  figure-of-eight." 
Association  of  four. 

Association     of     four. 

Dicentric  and  acentric 

chromatids. 
Asymmetrical  bivalent. 

Asymmetrical  bivalent. 

Asymmetrical  bivalent. 


Secondary  Change. 


Terminal  deficiency. 

Terminal  deficiency. 

Terminal  deficiency  and 
duplication. 

Terminal  deficiency  and 
later  breakage. 

None. 

Reverse  interchange. 

External  interchange. 

Dyscentric  interchange, 
and  hence  deficiency. 

Intercalary   reduplica- 
tion and  deficiency. 

Terminal    reduplication 
and  deficiency. 

Terminal    reduplication 
and  deficiency. 


Important  examples  of  these  are  the  exact  reversals  of  an  inversion 
found  in  Drosophila  to  be  accompanied  by  reversal  of  a  correlated 
mutation  believed  to  be  due  to  position  effect  (Griineberg,  unpub- 
lished). For  such  reversals  to  occur  by  random  structural  change 
is  out  of  the  question.  But  if  a  small  segment  is  translocated, 
reduplicated  and  inverted  within  the  chromosome,  as  found  by 
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Bridges,  crossing-over  between  the  homologous  dislocated  segments 
will  give  a  reversible  inversion.  If  the  segment  is  short  enough  for 
localised  gene  action  to  make  a  difference  beyond  it  (as  Muller 
found),  position  effect  change  will  be  possible  at  the  same  time 
(Ch.  VIII).  Thus  mutation  may  be  possible  by  secondary  structural 
change  in  normal  diploid  Drosophila. 


6.  THE  PARALLEL  INVESTIGATION  OF  CROSSING-OVER 
(i)  Method.  Having  found  an  agreement  in  all  particular  cases 
that  are  available  for  study  between  chiasmata  and  crossing-over, 
we  can  now  profitably  consider  how  far  their  general  properties 
show  a  parallelism.  We  can  use  the  one  method  of  study  to  eke  out 
the  other.  This  is  the  more  important  because,  although  the  results 
are  parallel,  the  techniques  are  complementary,  which  is  just  why 
it  has  taken  so  long  to  establish  a  connection  between  the  two. 
Table  44  shows  how  the  one  reveals  precisely  what  the  other  fails 
to  reveal. 

(ii)  Diploids  (General).  In  organisms  with  chromosomes  of 
uniform  size  the  average  frequency  of  chiasmata  in  each  diplotene 
bivalent  is,  so  far  as  we  know,  usually  between  one  and  three.  In 
Primula  sinensis  it  must  be  greater  than  two,  and  is  probably  less 
than  three.  \Vhere  large  size-variations  occur  the  larger  chromo- 
somes have  a  higher  average  frequency  or  it  ceases  to  be  pro- 
portional to  the  length.  In  certain  Liliaceae  and  Leguminosae  the 
chiasma  frequency  is  greater  than  3  ;  in  the  Tettigidae  it  seems 
to  be  usually  less  than  two.  Further,  where  pairing  is  by 
chiasmata  a  single  chiasma  must  always  be  formed  to  secure 
regular  pairing. 

These  observations  show  definitely  the  amount  of  crossing-over 
to  be  expected  in  chromosomes  in  general  and  in  particular  instances, 
on  the  chiasmatype  hypothesis.  The  average  occurrence  of  one 
chiasma  must  correspond  to  50  per  cent,  of  cross-overs  in  the  length 
of  chromosome  in  which  it  occurs,  i.e.,  to  50  corrected  units  of 
crossing-over  distance.  Therefore  the  lengths  of  chromosomes 
completely  measured  in  cross-over  units  should  be  greater  than  50, 
and  they  should  frequently  be  over  100. 
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No  chromosome  has  been  definitely  measured  and  found  to  have 
a  length  of  less  than  50  units.  If  the  pairing  of  the  small  fourth 
chromosome  in  Drosophila  melanogaster  is  due  to  chiasma  formation 


6/t       3/t    3/0         4/0     2/2      2/0      3/0    I/O     2/t 


24/ 


4/2  4/2  3/2         3/2      2/.        1/,  2/,        2/2       2/, 


3/2      ^A    2/,   2/,    I/,    2/,   2/,     I/,     I/.   2/ 


Fig.  93. — Chiasmata  in  Zea  Mays.  Above,  late  diplotene  ;  8 
bivalents  and  one  ring  of  four,  8-9  interchange.  Note  differential 
condensation.  Middle,  same  plant  at  first  metaphase,  centromere 
obliterated  by  pressure  in  some  bivalents.  Below,  double  trisomic 
plant  with  reduced  chiasma  frequency.  X  2000  (D.,  i934'  <^/- 
Fig.  143)- 

the  chiasmata  would  need  to  be  strictly  localised  and  map  distances 
would  not  have  the  same  relation  to  length  as  in  the  other 
chromosomes.  Evidence  of  this  condition  has  been  found  by 
Mather  (1936  h).    Two  factors  close  together  in  this  chromosome 
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Fig.  94. — Lengths  of  the  linkage  groups  of  Zea  Mays  predicted 
from  chiasma  frequencies,  compared  with  results  already  mapped 
from  breeding  experiments  by  Emerson,  Beadle  and  Fraser,  1935 
(after  D.,  1934)- 
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would  give  50  per  cent,  crossing-over.  Its  total  genetical  map  is 
therefore  still  in  doubt,  and  the  possibility  that  it  is  really  50  units 
long  cannot  be  dismissed. 

In  Zea  Mays  we  can  now  compare  the  maximum  possible 
crossing-over  lengths  for  each  chromosome  with  the  lengths  already 
observed  in  the  study  of  linkage  in  this  plant.  We  assume  that 
every  chiasma  is  equivalent  to  50  per  cent,  of  total  or  corrected 
crossing-over,  since  it  means  crossing-over  between  two  of  the  four 
chromatids  taking  part  in  it  (Fig.  142) .  The  linkage  studies  can  never 
provide  a  complete  map  of  the  chromosomes,  because  gene-differences 
will  never  be  found  between  all  the  end  particles  of  all  the  chromo- 
somes. These  studies  are  limited  by  the  number  of  gene  and  structure 
differences  available  for  experiment,  and  only  a  fraction  of  the  400 
known  genes  have  so  far  been  mapped.  The  linkage  limits  should 
therefore  always  lie  within  the  cytologically  predicted  limits.  They 
show  such  a  margin  (Fig.  94)  :  this  margin  will  decrease  with  the 
increase  of  linkage  data. 

It  is  in  a  derivative  of  a  Zea-Eiichlcena  hybrid  that  Beadle  (1932) 
has  succeeded  in  performing  the  experimentum  crucis  of  comparing 
the  chiasma-frequency  with  the  crossing-over  frequency  in  a  pair 
of  given  recognisable  segments.  Between  two  such  segments  there 
was  12  per  cent,  of  crossing-over  while  there  was  20  per  cent,  of 
association  at  diakinesis  and  metaphase,  which  means  this  same 
frequency  of  chiasma-formation,  and  therefore  agrees  closely  with 
the  expectation  of  24  per  cent. 

(iii)  Polyploids.  Distribution  among  the  Chromosomes.  In 
non-hybrid  triploids  and  tetraploids  the  chromosomes  pair  at 
random  and  form  chiasmata  at  random,  i.e.,  any  one  chromosome 
may  pair  at  different  points  with  any  of  the  other  chromosomes 
with  which  it  is  homologous  and  form  chiasmata  with  them  (Newton 
and  D.,  1927).  Similarly,  crossing-over  is  at  random  amongst 
corresponding  chromosomes  in  triploid  Drosophila  (Bridges  and 
Anderson,  1925),  and  tetraploid  Primula  sinensis  (de  Winton  and 
Haldane,  1931). 

Structural  Units.  Gametes  produced  by  triploid  Drosophila  with 
three  homologous  chromosomes  have  one  or  two  of  these  ;  and 
when  they  have  two  they  are  sometimes  identical  in  one  part. 
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although  the  three  homologues  all  differed  in  this  part ;  they  are 
therefore  derived  from  the  chromatids  of  one  chromosome.  But 
such  chromosomes  are  sometimes  dissimilar  in  other  parts  ;  they 
must  then  be  the  result  of  crossing-over  between  chromatids,  not 
between  chromosomes.  In  breeders'  language,  these  "  equational 
exceptions  "  are  said  to  prove  crossing-over  in  the  "  four-strand 
stage,"  i.e.,  after  division  of  the  chromosomes  into  chromatids,  and 
never  between  all  four  strands  at  the  same  point  (Bridges  and 
Anderson,  1925  ;  Redfield,  1930  ;  cf.  Bridges,  1916).  Such  is 
the  method  of  crossing-over  demanded  by  the  chiasmatype 
interpretation. 

A  structurally  abnormal  type  of  Drosophila  yields  similar  evidence. 
Drosophila  females  with  two  X  chromosomes  "  attached  "  to  one 
centromere  (v.  Fig.  121)  and  differing  in  several  factors  have  female 
progeny  with  both  their  X's  derived  from  the  same  egg-cell  of 
the  mother,  and  these  show  crossing-over.  It  is  therefore  possible 
to  see  the  constitution  of  two  of  the  four  X  chromosomes  derived 
from  the  four  chromatids  of  one  maternal  cell  and  know  whether 
the  crossing-over  took  place  before  the  division  into  four  or  after, 
and  whether  there  is  a  rule  as  to  the  assortment  of  the  four  chroma- 
tids. Thus,  if  the  two  chromatids  had  factors  ABCDE  and  abode, 
attached  at  Aa,  it  was  found  that  flies  appeared  homozygous 
for  recessive  factors.  Therefore,  again,  crossing-over  must  have 
taken  place  after  division  into  chromatids,  and  between  only  two 
of  the  four,  for  otherwise  crossing-over,  being  between  whole 
chromosomes,  would  only  yield  complementary  types,  such  as 
ABCde  and  abcDE. 

Segregation.  In  the  attached-X  experiment,  it  was  further 
found  that  the  proportion  of  recessives  was  lower  the  nearer  the 
factor  considered  was  to  the  centromere.  The  segregation  of  the 
chromatids  is  therefore  determined  at  the  centromere  (Anderson, 
1925  ;  cf.  Bridges  and  Anderson,  1925  ;  and  Rhoades,  1931).  With 
this  system  of  segregation,  genes  situated  further  from  the  centro- 
mere should  show  a  higher  proportion  of  homozygosis  (and  therefore 
a  higher  proportion  of  recessive  segregates)  approaching,  as  it  were, 
asymptotically  the  proportion  of  one-sixth.  The  proportions  in 
the  X  chromosome  never  reach  this  value,  but  agree  very  closely 
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with  the  values  expected  in  a  chromosome  with  its  known  crossing- 
over  frequency  on  the  assumption  of  no  interference  between 
successive  chiasmata  in  regard  to  the  choice  of  chromatids  which 
take  part  in  them  (Mather,  1935  a). 

This  nearly  random  segregation  of  chromatids  where  two  chromo- 
somes, that  have  undergone  crossing-over,  pass  to  the  same  pole 
at  the  first  division,  means  that  the  segregation  expected  in  tetra- 
ploids  will  not  always  be  in  the  simple  proportions  given  by  Muller 
in  1914  for  the  assortment  of  chromosomes  but  will  show  a  higher 
proportion  of  recessives.  It  will  be  possible  for  both  divisions  to 
be  reductional  in  regard  to  a  given  part  of  a  chromosome  repre- 
sented four  times  (Haldane,  1931  a  ;  Mather,  1935  a,  1936  a  ;  and 
cf.  Fig.  146,  factors  PPPp) .  This  random  chromatid  segregation  will 
only  be  expected  when  factors  are  at  the  unattainable  asymptotic 
distance  where  they  show  50  per  cent,  of  crossing-over  with  the 
centromere.  It  is  therefore  strictly  in  accordance  with  this  theory 
that  the  chromatid  type  of  segregation  has  been  found  in  only  a 
small  proportion  of  the  cases  investigated  (Crane  and  D.,  1932  ; 
E.  Sansome,  1933). 

Frequency.  The  total  frequency  of  crossing-over  per  chromosome 
in  the  triploid  is  the  same  as  in  the  diploid,  although  the  distribution 
is  different  (Redfield,  1930).  This  should  mean  that  the  total 
number  of  chiasmata  per  configuration  is  increased  by  half  in  the 
triploid.  Exactly  the  same  increase  is  found  in  triploid  plants  that 
have  been  compared  with  related  diploids  (Tulipa,  D.  and  Mather, 
1932  ;  Hyacinthus,  Stone  and  Mather,  1932). 

(iv)  Structural  Hybrids.  Crossing-over  in  dyscentric  hybrids 
has  already  been  considered.  Observations  of  crossing-over  in 
interchange  hybrids  agree  with  expectations  based  on  cytological 
observation  if  crossing-over  is  supposed  to  be  conditioned  by 
pairing  of  identical  segments  of  chromosome  at  pachytene,  as  are 
chiasmata. 

On  this  assumption,  Dobzhansky's  results  (1931)  show  that  the 
amount  of  pairing  is  reduced  in  the  neighbourhood  of  a  break  in 
Drosophila  heterozygous  for  a  translocation  or  interchange.  Where 
the  break  has  occurred  near  a  median  centromere  of  a  chromosome 
it  usually  leads  to  a  reduction  of  crossing-over  in  both  arms.    Where 
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it  occurs  in  one  arm  the  reduction  is  stronger  in  the  affected  arm, 
while  in  the  unaffected  arm  it  is  normal.  Further,  Dobzhansky 
has  shown  that  this  reduction  is  due  to  the  interference  of  the 
newly  associated  segments  with  one  another  in  pairing,  for  when 
a  long  segment  of  an  autosome  is  translocated  to  the  Y  chromo- 
some (which  has  no  partner,  at  least  for  the  greater  proportion  of 


55Xta./4t. 


58Xta/5t 


Fig.  95. — The  twelve  diplotene  bivalents  in  two  clones  of  Fritillaria 
imperialis,  giving  the  total  number  of  chiasmata  and  the  number 
terminal  in  each.  The  upper  one  has  three  fragments  united  by 
a  triple  chiasma  ;  the  lower  one  has  ten  fragments,  only  two  of 
which  are  paired.     Cf.  Table  17  and  Fig.  48  (from  D.,  1930  c). 


its  length),  its  crossing-over  is  not  sensibly  reduced.  There  is  no 
interference.  When  the  translocated  segment  is  short,  its  crossing- 
over  is  strongly  reduced.  Evidently,  therefore,  the  chance  of  two 
homologous  segments  pairing  is  decreased  when  the  segment  is  less 
than  a  certain  length.  Since  the  fourth  chromosome  is  shorter 
than  any  segment  concerned,  and  yet  pairs  fairly  regularly,  this 
decrease  is  clearly  due  to  the  change  of  association. 
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There  is  a  reduction  of  crossing-over  in  Drosophila  equally  on 
both  sides  of  the  break,  which  indicates  that  pairing  of  the  chromo- 
somes may  begin  either  distally  or  proximally  to  the  break.  This 
rule  would  probably  not  apply  to  organisms  with  polarised  chromo- 
somes at  the  zygotene  stage. 

In  plants  having  more  than  two  chromosomes  associated  in  a 
ring,  chiasmata  are  formed  in  such  a  way  as  can  be  derived  only 
from  a  radial  pachytene  association  instead  of  the  linear 
type  of  association  found  in  ordinary  pairing  both  in  diploids 
and  polyploids  (Fig.  io6).  The  crossing-over  map  should  therefore 
be  radial  or  star-shaped  (D.,  1931  c).  This  prediction  has  been 
made  independently  and  verified  by  observations  on  crossing- 
over  between  three  factors  in  ring-chromosomes  of  (Enothera 
(Emerson,  1931  ;  cf.  Brink  and  Cooper,  1932). 

In  the  progeny  of  interchange  heter ©zygotes  in  Drosophila, 
Muller  (1930  b)  found  that  the  interchanged  segments  had  usually 
passed  to  opposite  germ-cells  at  reduction  as  in  a  ring  in  (Enothera, 

The  reduction  of  crossing-over  in  interchange  hybrids  is  paralleled 
by  the  reduction  in  the  pachytene  pairing,  its  replacement  in  part 
by  non-homologous  pairing  (cf.  Ch.  V)  and  the  reduction  in  the 
number  of  chiasmata  formed  (Gairdner  and  D.,  1931)  (Chs.  V  and 

VI). 

(v)  Conditions  of  Variation.  The  frequency  and  distribution  of 
chiasmata  and  of  crossing-over  are  liable  to  variation  subject  to 
environmental,  genetic  and  developmental  conditions. 

(a)  Observations  of  Chiasmata.  The  chiasmata  in  the  m 
chromosomes  of  Vicia  Faba  (Maeda,  1930  b)  show  a  different 
frequency  variation  at  metaphase  in  different  preparations.  This 
is  to  be  ascribed  to  an  environmental  or  developmental  difference 
(Fig.  96).  The  same  conclusion  can  be  derived  on  the  chiasma 
theory  of  pairing  from  the  variations  of  pairing  in  Triticum  hybrids 
(Kihara,  1929  c),  and  the  parallelism  supports  this  theory  (cf.  Mather, 
1935  i>  ',  Oehlkers,  1935  ;   Kattermann,  1933). 

The  chiasma  frequency  differs  in  different  clones  of  Fritillaria 
imperialis  (Figs.  95  and  96).  The  highest  mean  frequency  at 
diplotene  is  5-2,  the  lowest  3*0.  This  is  a  regular  property  of  each 
clone,  irrespective  of  the  time  of  preparation,  and  is  therefore  assumed 
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to  be  genetically  determined.  Different  forms  of  Tulipa  australis 
show  a  different  degree  of  concentration  in  chiasma  frequency,  i.e., 
different  interference  (v.  infra).  This  modification  of  chiasma- 
frequency  distribution  is  probably  genetically  determined  (D.  and 
Janaki-Ammal,  1932).  Chiasma  formation  may  also  be  genetically 
suppressed  (Ch.  X). 

Similarly  in  crosses  between  Allium  species,  localisation  of 
chiasmata  has  to  be  inherited  as  a  factor  difference  showing  segre- 
gation (Emsweller  and  Jones,  1935),  and  in  a  normal  species.  Allium 
nutans,  localisation  has  appeared  in  inbred  seedlings.  Races  of 
Allium  fistulosum  (Levan,  1933  a)  and  species  of  Fritillaria  (D., 
1936)  differ  in  the  degree  of  their  localisation,  presumably  by 
genotypic  control  of  this  property. 

(h)  Observations  of  Crossing-over.  The  frequency  of 
crossing-over  is  modified  by  changes  :  {a)  in  external  conditions, 
e.g.,  temperature  (Plough,  1917  ;  Kirssanow,  1931,  on  Drosophila ; 
cf.  Stern,  1928)  and  irradiation  (Muller,  1925)  ;  (b)  in  development, 
e.g.,  crossing-over  varies  with  the  age  of  the  female  in  Drosophila 
(Bridges,  1929)  ;  (c)  in  genotype,  e.g.,  factors  occur  reducing 
crossing-over  and  modifying  its  distribution  (Detlefsen  andClemente, 
1923  ;  Bridges,  1929),  or  altogether  suppressing  it  (M.  S.  and  J.  W. 
Gowen,  1922,  1928). 

In  testing  the  effect  of  differences  of  temperature  on  chiasma 
frequency  a  wider  range  can  be  used  than  in  crossing-over  experi- 
ments. Temperatures  that  are  fatal  to  reproduction  are  not  fatal 
to  the  cells  in  meiosis.  Moreover  the  effect  on  all  chromosomes  can 
be  studied  at  once.  White  (1934)  has  been  able  to  show  that  the 
variation  in  chiasma  frequencies  agrees  with  that  in  crossing-over 
frequencies,  but  that  this  variation  is  shown  by  the  longer  chromo- 
somes with  the  higher  chiasma  frequencies  only.  Whether  this 
effect  is  a  direct  one  or  depends  on  variation  in  an  interruption  of 
pachytene  pairing  (as  in  Fritillaria)  we  do  not  know. 

Most  changes  in  crossing-over  frequency  are  differential  with 
regard  to  different  parts  of  the  chromosome,  or,  we  may  say,  change 
in  frequency  is  correlated  with  change  in  distribution.  Thus 
reduction  in  crossing-over  frequency  is  attended  by  an  increase  in 
the  neighbourhood  of  the  centromere. 

K.  A.  CYTOLOGY.  10 
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Crossing-over  does  not  occur  at  meiosis  between  the  autosomes 
in  male  Drosophila,  although  it  may  occur  at  mitosis  as  a  special 
form  of  primary  structural  change  (Ch.  XII).  This  difference  is 
paralleled  by  the  observed  behaviour  of  the  chromosomes  (D., 
1934;  Dobzhansky,  1934,  Fig.  116).  The  autosomes  lie  parallel  to 
one  another,  in  pairs,  with  all  four  chromatids  equidistant  and 


h/'M.'s' 


345  6  7  8  910 

Chiasmata  in  Vicia  and  Fritillaria. 

Fig.  96. — Chiasma  frequencies  in  the  bivalents  of  Fritillaria  Meleagris, 
F.  imperialis  (various  clones),  and  Vicia  Faba  {"  m  "  and  "  M  " 
types  of  chromosome),  showing  decreasing  interference  values 
with  the  higher  mean  values.     (From  D.,  1931  c.) 

associated  at  the  centromeres  only,  until  metaphase,  when  the 
centromeres  separate.  Pairing  therefore  takes  place  by  an  anoma- 
lous mechanism  without  the  apparent  formation  of  chiasmata.  Of 
course  crossing-over  might  have  taken  place  without  showing  in 
the  production  of  chiasmata  since  chiasmata  require  also  a  special 
association  in  pairs  and  a  weaker  secondary  attraction.  We  can 
merely  say  that  the  cytological  and  genetical  observations  agree  in 
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showing  no  evidence  of  crossing-over.  As  to  the  sex  chromosomes, 
the  cytological  and  genetical  observations  agree  in  showing  the 
occurrence  of  crossing-over,  the  method  of  which  we  shall  consider 
later  (Ch.  IX). 

The  genetic  suppression  of  crossing-over  necessarily  means  the 
suppression  of  chiasma  formation,  pairing  and  fertile  segregation. 

Thus  Gowen  (1928  et  alibi)  and  Bridges  (1929)  found  that  with 
suppression  and  reduction  of  crossing-over  by  autosomal  factors 
in  the  female  the  fertility  of  the  female  was  reduced,  and  that  this 
was  associated  with  irregularities  in  the  pairing  of  the  chromosomes. 
The  factor  had  no  effect  on  the  male.  This  means  that  the  male 
character  of  localisation  or  suppression  of  chiasmata  inhibited  the 
effect  of  this  factor  for  crossing-over  suppression. 

Beadle  (1933)  has  discovered  that  in  "  asynaptic  "  maize  which 
has  as  a  rule  no  pairing  of  chromosomes  at  meiosis,  the  progeny 
nevertheless  show  the  results  of  normal  crossing-over.  This  is 
because  the  progeny  are  derived  from  selected  germ-cells  resulting 
from  regular  segregation,  and  therefore  from  a  complete  pairing. 
Beadle's  observations  are  particularly  significant  in  showing  that 
the  minimum  frequency  of  chiasmata  and  crossing-over  compatible 
with  this  complete  pairing  is  the  same  as  the  normal  frequency  of 
chiasmata  and  crossing-over. 

The  asynaptic  maize  and  female  Drosophila  therefore  show  the 
necessity  of  crossing-over  and  chiasma-formation  for  pairing  and 
segregation  in  these  two  widely  separated  organisms.  The  chiasma- 
type  hypothesis  and  the  chiasma  theory  of  metaphase  pairing  are 
equally  confirmed. 

(vi)  Linear  Distribution,  (a)  In  Relation  to  one  Another 
(Interference).  A  statistical  examination  of  chiasma  frequencies 
in  bivalent  chromosomes  of  Vicia,  Fritillaria,  Rosa  and  Tiilipa 
shows  that  their  distribution  is  too  great  near  the  mode  and  too 
little  near  the  extremes  on  an  expectation  of  randomness  (Haldane, 
1931  h). 

This  means  that  the  occurrence  of  one  chiasma  reduces  the  chance 
of  occurrence  of  another  in  its  neighbourhood.  Chiasmata  show 
"  interference  "  like  that  shown  by  cross-overs.  It  should  be  noted 
that  the  distribution  in  position  in  the  chromosome  of  chiasmata 

10—2 
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may  be  random  (and  apparently  is  in  many  organisms),  although 
their  distribution  in  frequency  and  in  relation  to  one  another  is 
not  so. 

A  second  m.ethod  of  observing  interference  has  been  attempted 
by  Belling  in  observing  internode  lengths.  These  distances, 
however,  are  likely  to  be  determined  more  by  the  conditions  of 
equilibrium  in  chiasma  movement  than  by  the  original  interference, 
for  it  is  probable  that  movement  occurs  as  soon  as  chiasmata  are 
formed,  in  all  organisms  (Ch.  XII).  The  frequency  method  is  there- 
fore the  only  one  available  for  showing  interference. 

It  might  be  supposed  that  interference  between  successive  cross- 
overs might  work  either  between  chiasmata  of  any  kind  or  between 
chiasmata  involving  crossing-over  between  the  same  chromatids. 
It  might  be  chiasma  interference  (as  shown  cytologically)  or  chroma- 
tid interference.  Mather  (1933,  1935  b)  has  shown  that  chiasma 
interference,  and  also  the  formation  of  at  least  one  chiasma  by  every 
bivalent  in  the  diploid,  can  be  inferred  from  the  breeding  results  in 
Drosophila,  while  on  the  other  hand  (1935  b)  there  is  no  evidence 
for  chromatid  interference.  Whether  chromatid  interference  also 
exists  can  be  found  cytologically  in  ordinary  circumstances  only 
from  comparing  the  chromatid  relationships  at  successive  chiasmata 
in  inversions,  which  has  not  yet  been  done.  Hearne  and  Huskins 
(1935)  conclude  in  Melanoplus  that  comparate  chiasmata  are  more 
frequent  than  disparate  chiasmata,  but  we  still  do  not  know  whether 
the  complementary  or  reciprocal  types,  or  both,  are  responsible  for 
this  excess  over  expectation. 

In  the  sex  chromosomes  of  the  male,  unlike  the  autosomes  of  the 
female  Drosophila,  pairing  and  crossing-over  show  evidence  of 
negative  chromatid  interference.  This  is  absolute,  giving  pairs  of 
reciprocal  chiasmata  and  no  others  in  the  X-Y  pair  (Ch.  IX).  In 
female  Bombyx  there  is  a  correlation  in  reductional  as  opposed  to 
equational  division  of  different  parts  of  the  sex  chromosomes  which 
themselves  show  no  linkage  (Mather,  1935  b).  This  seems  to  imply 
a  similar  negative  interference. 

(b)  In  Relation  to  Different  Chromosomes.  Schultz  found, 
from  comparative  studies  of  structurally  homozygous  and  hetero- 
zygous Drosophila,  that  high  crossing-over  in  one  chromosome  goe§ 
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with  lower  crossing-over  in  others.  Such  a  negative  correlation 
between  the  frequency  in  different  chromosomes  of  one  nucleus  has 
since  been  shown  by  chiasma  studies  in  numerous  plants.  This  can 
be  done  in  two  ways  :  either  using  a  correlation  table,  where  the 
frequencies  of  the  different  chromosome  types,  such  as  the  large 
chromosomes  and  the  fragments  in  Secale,  can  be  recorded  (D.,  1933  ; 
Mather  and  Lamm,  1935)  ;  or  by  finding  out  whether  the  variance 
as  between  nuclei  is  less  than  the  absence  of  interaction  between 
bivalents  would  require  (Mather  and  Lamm,  1935  ;  Mather,  1936  ; 
Lamm,  1936).  The  first  method  requires  dissimilar  chromosomes 
within  the  nucleus,  the  second  uniform  chromosomes,  at  least  as  to 
part  of  the  complement.  Mather's  extensive  analysis  shows  first 
that  negative  correlation  may  occur  in  all  or  a  part  or  none  of  the 
chromosomes  of  different  species,  and  secondly  that  it  may  occur  in 
some  individuals  of  a  species,  those  with  a  higher  chiasma  frequency, 
and  not  in  others.  Interference  between  crossing-over  in  different 
chromosomes  begins  therefore  above  a  certain  threshold  frequency. 
How  it  works  will  be  considered  later  (Ch.  XII). 

(c)  In  Relation  to  Position  ("Map-Distance").  In  some 
organisms  the  number  of  chiasmata  formed  in  a  bivalent  is  a  direct 
function  of  the  length  of  the  chromosomes  paired.  This  is  so  in 
Vicia  Faba  {v.  Fig.  96),  where  the  M  chromosome  with  a  mean 
chiasma  frequency  of  7-1  is  a  little  more  than  twice  as  long  as  the 
m  chromosomes  with  a  frequency  of  3-4  (Mather,  1934).  This  is 
true  of  many  organisms  with  complete  pairing,  and  having  a  size 
range  of  less  than  i  :  4  {e.g.,  Allium  macranthum,  Levan,  1933  c). 
It  is  not,  of  course,  true  of  those  like  Fritillaria  Meleagris  and 
Mecostethus  which  have  locahsed  pairing  and  in  consequence  the 
same  or  even  a  higher  chiasma  frequency  in  the  shorter  chromosomes. 
The  proportionality  with  complete  pairing  may  be  shown  in  the 
many  organisms  where  new  very  small  fragments  have  appeared. 
These,  as  we  have  already  seen,  fail  to  pair  in  such  a  proportion  of 
nuclei  as  may  be  predicted  from  the  chiasma-frequency  of  the 
ordinary  complement  (Ch.  V).  Frequently,  however,  relatively  small 
chromosomes  form  part  of  the  normal  complement.  We  then  find 
that  their  regular  pairing  is  not  made  possible  by  an  increase  of 
chiasma  frequency  all  round,  but  by  an  indirect  proportionality.  We 
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see  this  beginning  in  Hyacinthus  orientalis,  where  with  a  size  range 
of  I  :  4-2  there  is  a  chiasma  range  of  i  :  3-1  (Stone  and  Mather,  1932), 
and  also  in  Spironema  fragrans  (Richardson,  1934)  and  S cilia 
peruviana  (Sato,  1934).    Where  the  size  disparity  is  greater,  the  lack 
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Fig,  97. — Graph  showing  three  types  of  relationship  possible  between 
chiasmata  or  crossing-over  and  the  length  of  the  chromosomes  : 
direct  proportion  in  Fritillaria  imperialis  (two  clones)  ;  fixed 
value  with  localisation  in  certain  bivalents  of  Mecostethus  and 
perhaps  in  some  Tettigidcs  ;  the  compromise  in  Stenoboihrus 
and  perhaps  in  Drosophila  melanogaster  "  D.m."  (From  D.  and 
Dark.  1932  ;  cf.  White,  1933,  1936  ;  Hearne  and  Huskins,  1935.) 


of  proportionality  is  more  serious.  In  Stenoboihrus  parallelus  (D. 
and  Dark,  1932)  the  chromosomes  with  median  centromeres  are 
seven  times  the  length  of  the  shortest,  yet  they  have  only  three 
times  as  many  chiasmata.  The  same  is  true  of  Syrbula  acuticornis 
(Robertson,  1916),  Hyacinthus  amethystinus  (D.,  1932  g),  Melanoplus 
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femur-rubrum  (Hearne  and  Huskins,  1935),  Yucca  flaccida  (O'Mara, 
1932)  and  y.  recurvifolia  (Sato,  1934)  and  in  species  of  Agave 
(Doughty,  unpublished).  In  none  of  these  species  is  there  evidence 
of  localisation. 

It  would  appear,  therefore,  that  here  chiasma  frequency  is  no 
longer  a  direct  function  of  length,  and  that  this  indirect  propor- 
tionality and  localisation  are  genetical  adaptations  necessary  to 
the  regular  pairing  of  the  short  chromosomes.  Such  adaptations 
must  be  alternative  to  a  general  increase  in  chiasma  frequency,  and 
are  to  be  expected  wherever  the  chiasma  frequency  is  low  and 
considerable  differences  occur  in  length  (Fig.  97). 

The  evidence  of  the  behaviour  of  new  fragments  in  always  failing 
to  show  this  adaptation  is  sufficient  to  show  that  proportionality  is 
the  simpler  and  original  condition  from  which  non-proportionality 
is  derived.  Further  evidence  is  provided  by  White's  observation  in 
species  of  Locusta,  Schistocerca  and  Stenobothrus  that  the  non- 
proportionality  which  is  characteristic  of  them  at  normal  tempera- 
ture is  reduced  or  disappears  when  the  chiasma-frequency  is 
increased  at  higher  temperatures.  This  suggests  that  the  indirect 
proportionality  is  due  to  a  partial  failure  of  pairing  of  the  longer 
chromosomes  like  that  found  with  localisation,  but  near  the  centro- 
mere instead  of  away  from  it.  Such  a  failure  might  be  concealed  in 
short  intercalary  segments  by  the  development  of  relational  coiling. 

The  possibility  of  testing  an  analogy  to  these  observations  in 
crossing-over  frequencies  is  not  yet  available,  but  there  are  a  few 
indications  that  similar  departures  from  simple  expectation  occur. 
The  X  chromosome  of  Drosophila  melanogaster  is  less  than  two-thirds 
the  length  of  the  longest  chromosome,  yet  it  has  two-thirds  of  the 
map-distance  length  measured  in  crossing-over  units.  This  is  a 
departure  in  proportion  in  the  direction  expected  from  the  analogy 
with  Stenobothrus.  A  second  indication  is  inconclusive  ;  the 
X  chromosome  in  Drosophila  Willistoni  (Metz,  191 6)  is  twice  the 
length  of  that  in  D.  melanogaster,  but  its  map  length  is  only  one-fifth 
greater. 

Finally,  the  group  of  observations  already  referred  to  show  that 
wherever  there  are  special  conditions  affecting  crossing-over,  the 
distribution  of  crossing-over  is  affected  relative  to  the  centromere. 
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All  such  conditions  must  affect  the  relation  of  length  to  map- 
distance.  There  is,  therefore,  no  special  reason  for  expecting  that 
under  any  particular  conditions  the  one  should  be  a  direct  function 
of  the  other. 

If  the  chiasma  frequency  in  Drosophila  melanogaster  is  such  an 
indirect  function  of  chromosome  length  as  in  Stenobothrus,  then  the 
fourth  chromosome,  although  extremely  short,  should  be  of  50  units' 
length,  a  condition  which  would  not  be  easy  to  verify.  But  if  one 
of  the  fourth  chromosomes  were  attached  to  a  fragment  of  the 
X  chromosome  the  chiasma  frequency  should  be  reduced  in  the  new 
triple  body,  IV  +  X  +  IV. X,  and  the  small  unattached  fourth 
should  frequently  fail  to  pair,  and  therefore  sometimes  pass  to  the 
same  pole  as  its  attached  homologue.    This  is  found   by  Stem 

(1931)- 

(vii)    Crossing-over    with    Ameiosis.      An    important    result    of 

crossing-over  between  chromatids,  pointed  out  by  Janssens  in  1909, 
is  that  the  separation  of  dissimilar  chromatids  occurs  at  both 
divisions.  Now  one  of  these  divisions  may  be  suppressed,  or  the  two 
nuclei  resulting  from  it  may  fuse  again  into  one  (Ch.  X).  In  these 
circumstances  reduction  of  the  chromosome  number  is  suppressed  ; 
but  segregation  should  not  be  ;  it  can  still  occur  at  the  other  division 
if  one  of  the  pairs  of  chromatids  that  separate  has  crossed  over  with 
a  dissimilar  partner — if,  that  is,  any  of  the  chromosomes  have 
paired  by  chiasmata. 

It  is  now  possible  to  consider,  therefore  (contrary  to  the  earlier 
belief),  that  suppression  of  meiosis  leading  to  failure  of  reduction 
will  not  lead  to  failure  of  segregation  when  any  two  chromosomes 
have  paired.  When  the  two  chromosomes  that  have  paired 
separate  at  the  first  division,  but  are  included  in  a  single  restitution 
nucleus,  their  second  division,  which  gives  the  two  unreduced 
germ-cells,  will,  on  the  chiasmatype  hypothesis,  not  be  equational. 
Thus,  if  crossing-over  must  occur  at  the  chiasma  which  con- 
ditions their  pairing,  the  second  division  will  always  be  reductional 
in  regard  to  one  of  the  cross-over  segments.  In  either  case  the 
result  will  be  equivalent  to  mendelian  segregation  of  the  differences 
in  the  pairs  of  chromosomes  concerned.  It  follows,  therefore,  that 
a  hybrid  in  which  a  pair  of  chromosomes  is  occasionally  found  at 
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metaphase  and  in  which  failure  of  reduction  is  due  to  suppression  of 
the  first  (or  indeed  the  second)  division  should  show  a  very  limited 
amount  of  segregation.     Suppression  of  the  first  division  will  give 
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Fig.  98. — Scheme  showing  how  a  restitution  nucleus  will  give 
numerically  unreduced  gametes  showing  segregation  of  differ- 
ences so  long  as  pairing  of  dissimilar  chromosomes  occurs. 

diploid  nuclei  showing  segregation,  in  respect  of  the  differences 
between  such  chromosomes  as  paired,  approaching  the  proportions 
1:2:1  asymptotically.  Thus,  when  hybridity  reaches  the  point 
at  which  restitution  nuclei  are  formed,  segregation  is  appropriately 
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toned  down.  This  conclusion,  on  general  grounds,  is  supported 
by  V.  Wettstein's  observations  (1924)  of  heterozygosity  in  diploid 
spores  of  Fiinaria  when  the  second  division  was  suppressed. 

The  consequences  of  segregation  without  reduction  have  now 
been  shown  in  two  ways.  First,  Kostoff  (1934)  has  examined  the 
progenies  of  several  hybrids  in  Nicotiana  whose  unreduced  gametes 
have  functioned  in  crosses  with  a  third  species  known  itself  to  be 
homozygous.  These  progenies  varied,  and  their  variation  must  be 
due  to  crossing-over  between  unlike  chromosomes  in  the  hybrid 
parent.  The  same  result  is  found  in  the  tetraploid  Fg  from  a 
Saxifraga  hybrid  (Table  26B).  Secondly,  "  mutation  "  in  partheno- 
genetic  plants  whose  unreduced  egg  cells  develop  directly  may  be 
ascribed  to  the  same  cause  (Ch.  XI). 


Table  44 

Comparative    scope    and    validity    of    experimental    and    direct    methods    of 
studying  crossing-over.     (From  D.  i935-) 


From  Proportions  of  Combinations 
in  Progeny 

1,  Event  inferred  from  its 
genetical  consequences  on  the 
assumption,  justified  by  particular 
and  statistical  evidence,  that  the 
genes  are  located  in  structures 
having  the  observed  properties  of 
chromosomes.  Fewer  assumptions 
are  made  therefore  in  relating  the 
genetical  observations,  such  as 
frequency  of  crossing-over  between 
two  genes  with  the  genetical  con- 
sequences. 

2.  Crossing-over  data  usually 
obtained  after  a  lapse  of  one 
generation.  There  is  an  elimina- 
tion of  recessive  lethal  combina- 
tions in  the  interval,  including 
those  determining  absence  of 
crossing-over  itself,  since  where 
crossing-over  occurs  it  is  a  con- 
dition of  segregation  and  fertility. 
Haploid  generation  can  be  studied 
only  in  lower  plants  and  Hymeno- 
ptera. 


From  Chromatid  Combinations  in 
Germ  Mother-cells 

I.  Event  inferred  from  conse- 
quences on  the  assumption  justi- 
fied by  particular  and  statistical 
evidence  that  chiasmata  are  deter- 
mined by  crossing-over.  Fewer 
assumptions  are  made  therefore 
in  relating  the  cytological  observa- 
tions, such  as  frequency  per 
chromosome,  with  the  mechanical 
conditions  (D.,  1934  ^)- 


2.  Crossing-over  data  obtained 
after  a  lapse  of  a  few  minutes, 
during  which  no  elimination  can 
occur. 
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2 A.  Certain  lethal  effects,  in- 
cluding segregation  in  many 
hybrids,  therefore  hinder  or  pre- 
vent study. 

3.  Crossing-over  data  usually 
refer  to  one  of  the  four  chroma- 
tids ;  in  triploid  and  attached-X 
Drosophila,  to  two  chromatids  ; 
in  lower  plants,  especially  in 
fungi,  to  all  four.  Except  for  the 
last  type,  therefore,  no  evidence 
is  obtainable  of  the  relationship  of 
successive  crossings-over  in  the 
chromosome. 

3A.  Interference  determinable 
between  crossings-over,  and  not 
between  chiasmata  except  when 
related  with  pre-  and  post-reduc- 
tion observations  {Bombyx  sex 
chromosomes;    Mather,  1935). 


4.  Gene-positions  of  cross-overs 
determined  from  a  limited  number 
of  genes  serving  as  markers ; 
certain  double  and  terminal  cross- 
overs are  therefore  missed  (as  in 
male  Drosophila)  and  positions  are 
always  approximate. 

5.  Crossing-over  determinable 
only  in  organisms  heterozygous 
for  a  limited  number  of  genes,  and 
these  must  be  situated  in  one 
chromosome.  Possible  therefore 
only  in  the  analysis  of  selected 
and  inbred  populations,  although 
equally  in  male  and  female  cells. 


2A.  Effects  of  X-rays  and 
extreme  temperatures  and 
hybridity,  giving  sterility,  can 
be  studied  (D.,  1932  h  ;  White, 
1934  ;    Mather,   1934)- 

3.  Crossing-over  data  refer  to 
all  four  chromatids  together. 
Which  pair  of  the  four  chromatids 
have  crossed  over  at  a  chiasma 
can  be  known  only  in  specially 
favourable  material  and  in  certain 
structural  hybrids  (D.  and  Mather, 
1932  ;  D.,  1936  d  ;  Richardson, 
1936)- 

3A.  Interference  only  determin- 
able between  chiasmata,  and  not 
between  crossings-over,  except 
when  all  four  ends  of  pairing 
chromosomes  differ,  as  in  male 
Drosophila  sex  chromosomes  and 
dyscentric  hybrids  (Haldane, 
1931  ;   D.,  1934  a,  1936^). 

4.  Total  number  of  cross-overs 
exactly  ascertainable  not  only  for 
given  bivalents,  but  for  the  whole 
nucleus  (D.,  1933  ;  Mather  and 
Lamm,  1935).  Movement  of 
chiasmata  may  occur,  so  that 
positions  are  always  approximate. 

5.  Crossing-over  determinable 
in  an  unlimited  number  of  species 
and  hybrids,  although  only  in 
male  cells  in  practice.  Equally 
possible  (i)  with  the  extremes  of 
homozygosity  and  heterozygosity, 
(ii)  with  unselected  natural  popu- 
lations, and  (iii)  irrespective  of  a 
lethal  effect  from  an  abnormal 
consequence. 


(viii)  Conclusion.  The  direct  and  parallel  evidence  now  enables 
us  to  say  that  there  is  a  one-to-one  correspondence  in  all  organisms 
studied  between  chiasmata  and  crossing-over.  Further,  we  can 
say  that  chiasmata  behave  in  all  cases  as  though  they  were  deter- 
mined by  crossing-over  between  two  chromatids  of  the  partner 
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chromosome  taking  part  in  them.  It  now  becomes  possible,  there- 
fore, to  investigate  crossing-over  cytologically.  This  has  already- 
been  begun,  as  we  have  seen.  It  is  important  in  bringing  a  different 
technique  to  bear  on  the  problem  and  also  in  extending  the  observa- 
tions of  crossing-over  to  organisms  that  are  not  suitable  for  analysis 
by  experimental  breeding  (Table  44).  This  not  merely  increases 
the  material  available  for  observation,  it  enables  us  for  the  first 
time  to  study  crossing-over  in  homozygous  organisms  which  have 
no  variation  in  their  progeny  to  show  crossing-over,  and  in  sterile 
hybrids  which  have  no  progeny  to  show  variations. 

The  first  consequence  of  applying  this  method  is  that  it  reveals 
for  the  first  time  the  universal  properties  of  crossing-over  as  an 
essential  part  of  the  mechanism  of  sexual  reproduction. 

We  already  know  that  chiasmata  are  a  condition  of  metaphase 
pairing  and  segregation  in  all  homozygous  organisms,  in  fact  in  all 
organisms  except  a  few  sex-heterozygotes  which  will  be  considered 
later.  It  follows,  therefore,  that  crossing-over  itself  is  a  condition 
of  chromosome  pairing  and  is  approximately  co-extensive  with 
sexual  reproduction,  occurring  even  sometimes  when  reduction  is 
suppressed.  This  leads  to  consequences  of  some  importance.  Thus 
the  detailed  properties  of  crossing-over  determined  in  the  female 
Drosophila  and  in  Zea  have  an  almost  universal  appHcation,  for 
they  agree  with  the  almost  universally  observed  properties  of 
chiasma  formation. 

This  means  that  with  sexual  reproduction  the  unit  of  inheritance 
is  not  the  whole  chromosome  but  the  smallest  part  into  which  a 
chromosome  can  be  broken  by  crossing-over,  that  is,  the  gene.  If 
this  were  not  so  the  number  of  possible  types  of  organism  in  a 
species  would  be  an  exponential  function  of  the  number  of  types  of 
whole  chromosomes  in  it,  instead  of  being  a  slightly  lower  function 
of  the  number  of  types  of  genes.  Every  chromosome  would  have 
the  properties  of  a  clone.  With  mutation  rates  and  breeding 
systems  that  are  commonly  known  in  the  higher  organisms  there 
would  be  fewer  types  than  individuals.  Groups  of  individuals 
would  be  identical  like  the  members  of  a  clone  and  would  be 
separated  from  other  groups  by  sharp  cleavages.  So  far  as  we  know 
such  an  extreme  system  of  reproduction  occurs  nowhere,  but,  as  we 
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shall  see  later,  special  modifications  in  this  direction  are  found  in 
permanent  heterozygotes  and  in  certain  sexually  differentiated 
organisms.  For  their  analysis  we  need  the  knowledge  we  now  have 
of  the  relationship  of  chromosome  pairing  to  crossing-over,  since 
they  all  depend  on  specially  controlled  conditions  of  crossing-over. 


CHAPTER  VIII 
THE   CHROMOSOMES    IN    HEREDITY  :   PHYSIOLOGICAL 

Differentiation  of  Behaviour  —  Specificity  —  Nucleoli  —  Condensation  — 
Differentiation  of  Activity — Balance — Inert  Chromosomes — The  Gene. 

Besonders  aussichtsreich  scheint  mir  gerade  bei  diesem  Problem,  das  wir 
ihm  gewissermassen  von  zwei  Seiten  her  beikommen  konnen,  einmal  durch  die 
Beobachtung  der  Vererbungs-Erscheinungen  und  dann  durch  die  Beobachtung 
der  (uns  jetzt  ja  bekannten)  Vererbungs-Substanz. 

Weismann,  1892. 

I.  THE   TWO   METHODS   OF   ENQUIRY 

The  modern  study  of  heredity  has  been  built  up  by  the  study  of 
differences.  The  mendelian  technique  of  experimental  breeding 
depends  on  the  classification  and  comparison  of  differences  between 
parents  and  offspring  and  between  brothers  and  sisters.  We  have 
now  seen  how  closely  this  differential  method  is  paralleled,  in  the 
deductions  it  makes  possible,  by  cytological  observation.  The  same 
modes  of  inheritance  may  be  inferred  from  mendelian  and  from 
cytological  analysis,  although  the  special  advantages  of  each  method 
enable  us  to  go  further  with  it  in  certain  directions  than  with  the 
other.  The  direction  in  which  the  c3^tological  method  is  particularly 
advantageous  is  (as  pointed  out  in  Table  44)  that  it  can  dispense 
with  experimental  differences.  It  enables  us  to  study  the  hereditary 
properties  not  only  of  hybrids  too  sterile  to  have  offspring,  but  also 
of  homozygous  organisms  having  no  differences  to  segregate.  We 
can  therefore  proceed  to  use  the  study  of  the  chromosomes  for 
finding  out  the  hereditary  properties  of  organisms,  as  Weismann, 
in  some  respects  prematurely,  attempted  to  do.  We  can  proceed 
to  deduce  from  the  principles  now  induced. 

One  of  the  first  problems  to  which  this  method  can  be  applied 
is  the  problem  of  differences  within  the  hereditary  materials  of  the 
individual.  With  regard  to  this,  alternative  inheritance  tells  us 
the  cardinal  fact  that  different  "  loci  "  can  be  defined  by  their 
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different   mutation  properties  and  must   therefore  be  inherently 
different.     We  can  now  consider  the  cytological  evidence. 


2.  DIFFERENTIATION    OF   BEHAVIOUR   IN   THE   CELL 

(i)  Specificity.  A  quaUtative  differentiation  of  the  chromosomes 
is  shown  by  their  specific  pairing  properties  at  all  stages  of  meiosis. 
It  was  first  found  by  Sutton  and  Montgomery  that  particular 
chromosomes  paired  at  meiosis,  and  that  these  chromosomes  were 
similar  in  size  and  shape.  This  meant  that  the  different  chromo- 
somes showed  specific  and  constant  affinities  at  meiosis.  Then  it 
was  found  that  in  fusion-heterozygotes  (McClung)  and  interchange- 
heterozygotes  (Belling)  each  part  of  a  compound  chromosome 
similarly  had  specific  properties.  This  rested  on  metaphase 
observations.  Later  the  development  of  the  structures  seen  at 
metaphase  was  traced  back  to  the  diplotene  (Gairdner  and  D.,  1931) 
and  pachytene  (McClintock,  193 1)  stages.  The  specificity  was  seen 
to  apply  to  the  smallest  visible  elements,  the  chromomeres,  when 
zygotene  pairing  was  studied  in  polyploids,  for  successive  chromo- 
meres, distinguishable  in  size,  could  be  seen  to  pair  independently 
of  their  neighbours  when  they  had  a  choice  of  association  (Newton 
and  D.,  1929). 

This  specificity  applies  equally,  as  we  have  seen,  to  secondary 
and  somatic  pairing.  It  is  most  strikingly  demonstrated  in  the 
somatic  pairing  in  the  permanent  prophases  of  the  Diptera,  where 
every  chromomere  associates  with  a  corresponding  one  from  the 
partner  chromosome  (Ch.  V).  Specificity  therefore  corresponds 
with  the  differentiation  inferred  genetically  amongst  genes  by 
Muller  (1916). 

Three  kinds  of  special  differentiation  in  structure  are  visible  in 
the  chromosomes  beyond  the  simple  differentiation  into  chromo- 
meres. First,  differentiations  in  size  that  are  produced  by  particular 
fixatives  and  are  indications  of  specific  reactions.  Such  are  the 
knobs  seen  in  the  pachytene  chromosomes  of  Zea  when  fixed  with 
acetic  acid  (McClintock).  Secondly,  the  special  properties  of  the 
centromere.  These  will  be  considered  in  detail  in  relation  to  its 
mechanical  properties  (Ch.  XII).     Thirdly,  the  differentiation  in 
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nucleolar     production    associated    with    secondary     constrictions 
(Ch.  II).     This  now  requires  more  detailed  consideration. 

(ii)  Organisation  of  Nucleoli.     McClintock  (1934)  has  carried  out 


VI— IX 


IV— VI 


IV— VI 


Fig 


99. — Diagrams  of  pachytene  in  Zea  Mays.  I,  homozygous 
pair  showing  non-homologous  torsion-pairing  of  chromosomes 
with  themselves.  VI — IX,  interchange  involving  the  nucleolar 
organiser  at  which  the  exchange  of  partner  would  occur  but  for 
non-homologous  pairing.  IV — VI,  interchange  without  (left) 
and  with  (right)  non-homologous  pairing.  The  relational 
coiling  associated  with  torsion-pairing  is  not  shown,  x  1200 
(McClintock,  1933). 

an  analysis  which  makes  it  possible  to  define  the  factors  controlling 
nucleolar  production  at  the  second  telophase  of  meiosis  in  Zea. 
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A  nucleolar  organiser,  staining  deeply  in  aceto-carmine,  lies  next  to 
the  place  where  the  nucleolus  and  the  secondary  constriction  are 
developed.  The  organiser  lies  in  chromosome  No.  6  which  under- 
went interchange  with  No.  9  as  a  result  of  X-raying.  The  inter- 
change break  in  the  chromosome  occurred  within  the  organiser  and 
divided  it  into  two  parts  that  were  now  lying  in  different  chromo- 
somes. These  parts  proved  to  have  a  different  degree  of  activity. 
The  smaller  distal  part  that  was  transferred  to  No.  9  gave  a  larger 
nucleolus  than  the  proximal  part  left  in  No.  6,  in  normal  circum- 
stances (Fig.  99).  When,  however,  this  more  active  element  was  lying 
in  an  isolated  piece  of  the  nucleus  at  telophase,  it  gave  a  smaller 
nucleolus.  Moreover,  the  weaker  organiser  developed  a  full-sized 
nucleolus  if  the  stronger  organiser  in  No.  9  had  been  left  out  of  the 
nucleus  (by  non-disjunction  at  meiosis).  It  follows  that  the  size  of 
nucleolus  developed  depends  upon  the  amount  of  material  available 
in  the  chromosomes  lying  around  it,  and  if  there  are  two  organisers, 
on  their  relative  rate  of  action.  When  there  are  two  organisers  there 
is  competition  for  the  available  materials.  A  further  significant 
observation  of  McClintock  is  that  the  organising  capacity  can  be 
suppressed  by  particular  genotypic  changes  in  the  chromosomes, 
such  as  unbalance  or  loss  of  parts,  even  though  these  parts  do  not 
themselves  contain  specific  organisers.  The  nucleoli  then  appear 
as  droplets  distributed  over  the  chromosomes  generally.  These 
droplets  may  fuse  and  the  chromosomes  then  appear  to  be  embedded 
in  the  nucleolar  material.  The  same  result  ensues  when  no  organiser 
is  present  in  a  defective  nucleus.  Cases  of  loss  or  gain  of  a  trabant 
(Matthiola,  Philp  and  Huskins,  1931  ;  Rumex,  Yamamoto,  1933) 
require  re-examination  in  the  light  of  these  results. 

The  competition  amongst  organisers  is  shown  in  another  way  in 
hybrids  of  Crepis  (Navashin,  1934).  Here  a  strong  organiser  from 
one  parent  seems  to  supplant  a  weaker  one  from  the  other.  Since 
the  nucleolus  stretches  the  constriction,  the  weaker  nucleolar 
chromosome  fails  to  develop  its  characteristic  long  constriction  in 
the  hybrid.  McClintock  has  established  a  scale  of  strength  for 
Crepis    species  in    accordance    with    this    view.     Competition    is 

similarly    shown    by  XY^  -f  Y  males    in    Drosophila    where   the 
attached  arm  of  the  Y  does  not  develop  its  usual  sized  nucleolus 
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owing  to  the  proximity  of  the  organiser  in  X  (Kaufmann,  1934, 
cf.  Ch.  IX). 

Table  45 

Observations  of  Nucleolar  Behaviour 

1.  Attachment  of  Trabants  to  Nucleoli  in  Prophase  of  Mitosis. 

S.  Nawaschin,  1912  (1927).     Galtonia,  etc. 
M.  Nawaschin,  1926.     Crepis  spp. 
Senjaninowa,  1927.     Ranunculus  acer. 

2.  Specific  Organisation  of  Nucleoli  next  to  Secondary  Constrictions  at  Telophase. 

Heitz,  1931,  1932,  many  plants. 

Geitler,  1932.     Crepis,  ^x. 

McClintock,  1934.     ^^^  Mays. 

Bearing,  1934.     Ambly  stoma. 

Matsuura,  1935  h.     Polygonatum,  Trillium. 

• 

3.  Specific  Attachment  of  Nucleoli  at  Prophase. 

(a)  To  the  Sex  Chromosomes  : 

Buchner,  1909,     Stenobothrus ,  oogenesis. 

Metz,  1926  ;    Bauer,  1932  ;   various  Diptera. 

KUngstedt,  1933  ;    various  Neuroptera. 

Kawaguchi,    1933  ;     various    Lepidoptera,    oogenesis   and    sper- 
matogenesis. 

Heitz,  1933  ;    Kaufmann,  1934  ;   Dobzhansky,  1934.     Drosophila. 

Tatuno,  1933  '>   some  Hepaticae. 
[h]  Not  to  the  Sex  Chromosomes  (plants  only). 

McClintock,  1931  ;   D.,  1934.     ■^^«- 

F,  H.  Smith,  1933.     Galtonia. 

^■>  1933.  Agapanthus  ;   1935,  Fritillaria. 

Richardson,  1934,  Spironema  ;   1935,  Crepis. 

Modilewski,  1934  •    Upcott,  1936.     Eremurus. 

Levan,  1935  a  and  b.     Allium  spp. 

Ono,  1935.     Rumex  acetosa. 

4.  Survival  at  Metaphase  of  Mitosis  and  Meiosis. 

Modilewski,  1932.     Fourcrcsa,  root-tips. 

D.,  1929  c.     Tradescantia,  pollen-grains. 

Klingstedt,  193 1.     Trichoptera  $,  meiosis  (chromatin-diminution  ?). 

Gwynne-Vaughan   and   Williamson,    1933    et   al.     Many   Ascomycetes, 

meiosis. 
Webber,  1933.     Nicotiana  glutinosa,  haploid,  root-tips. 
D.,  unpublished.     Zea  Mays.     Root-tip,  plant  with  3  B  chromosomes. 
Geitler,  1935  a  and  b.     Spirogyra  spp.,  mitosis. 
Frankel,  unpublished.     Fritillaria  spp.,  meiosis. 

5.  Relationship  with  Chromosome  Movements. 

Manton,  1935.     Cruci  feres. 

D.,  1935  a.     Fritillaria  (Plate  XV). 

Upcott,  1936  b.     Eremurus. 
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6.  Chemical  Tests. 

Modilewski,  1932.     Neottia,  Galtonia,  Allium  (two  types  of  nucleolus). 

Bauer,  1933.     Oocytes  of  insects. 

Gardiner,  1935.     Tenehrio. 

Geitler,  1935  a  and  h.     Spirogyra  spp. 

(iii)  Differential  Cycles  of  Condensation.  Correlated  with  the 
cycle  of  coiling  and  uncoiling  which  the  chromosomes  undergo 
during  mitosis  and  meiosis  there  is  also  a  cycle  of  changes  in  fixation- 
staining  reactions  in  the  chromosomes.  This  cycle  is  not  under- 
stood in  physical  terms,  but  it  is  recognised  as  being  characteristic 
for  particular  nuclei  at  particular  stages  of  the  life-cycle  and  sub- 
jected to  particular  treatments.  It  consists  in  a  change  from 
deeply-staining  metaphase  chromosomes  to  lightly-staining  or  non- 
staining  resting  stage  chromosomes.  The  behaviour  of  particular 
chromosomes  or  parts  of  chromosomes  has  long  been  known  to  be 
different  in  this  respect  from  that  of  the  rest  of  the  complement,  e.g., 
Rosenberg's  prochromosomes  (1909)  at  mitosis  in  plants  and  the 
differentially  condensed  chromosomes  at  meiosis  in  many  animals. 
Recently,  owing  largely  to  the  work  of  Heitz,  differences  have  been 
recognised  at  mitosis  in  both  plants  and  animals  to  which  a  genetic 
foundation  may  be  ascribed.  The  difficulty,  however,  in  establish- 
ing this  relationship  lies  in  the  great  variability  of  the  behaviour 
of  differential  parts  of  chromosomes  in  different  organisms,  even 
as  seen  under  the  same  conditions  of  treatment,  and  the  still  greater 
variability  with  different  treatment. 

Broadly  we  may  say  that  there  are  three  types  of  differential 
behaviour  which  require  the  most  careful  comparison. 

(A)  First,  there  is  the  differential  behaviour  at  telophase  and 
prophase  of  mitosis.  Certain  parts  of  most  of  the  chromosomes, 
usually  proximal  or  distal,  stain  more  deeply  than  the  rest  with 
aceto-carmine  but  not  with  Feulgen's  reagent  (Heitz,  1935). 
When,  as  sometimes  happens,  these  are  all  proximal  regions,  they 
may  remain  condensed  during  the  resting  stage  and  reappear  as  the 
prochromosomes  referred  to  earlier  (Heitz,  1932,  cf.  Ch.  H).  The 
differential  material  or  "  heterochromatin  "  takes  up  a  large  part 
of  the  sex  chromosomes  in  mosses  and  was  earlier  thought  to  be 
concerned  with   sex   (Heitz,    1928).     By   contrast   with   ordinary 
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mitosis,  the  prophase  in  salivary  glands  shows  the  heterochromatin 
understained  or  unrecognisable  ;  the  difference  is  there,  but  it  is 
reversed  (Ch.  XI).     An  analogous  reversal  we  shall  see  elsewhere. 

(B)  Secondly,  there  is  a  uniform  "  precocity  "  shown  in  some 
organisms  by  all  the  chromosomes  in  their  proximal  parts  at  the 
pachytene  and  diplotene  stages  of  meiosis.  This  over-condensation 
on  both  sides  of  the  centromere  was  first  seen  in  Agapanthus  (Belling, 


V     .^^ 


Fig.  ioo. — Mitotic  nuclei  of  Sphcsrocarpos  texanus  [n  =  y  -{-  X). 
Above,  resting  nuclei  with  and  without  a  condensed  X  chromo- 
some. Below,  successive  stages  of  prophase  showing  the 
precocity  of  the  X.     X  3000  (Tinney,  i935)- 


1928  ;  Geitler,  1933  ;  D.,  1933).  It  has  so  far  been  found  only  in 
plants,  e.g.,  in  Zea  Mays  (D.,  1934)  with  aceto-carmine  treatment, 
and  in  (Enothera  (Catcheside,  1931)  and  Canna  (Offerijns,  1935)  at 
diplotene.  In  Fritillaria,  where  it  is  accentuated  by  re- staining,  it 
is  associated  with  earlier  pairing  and  earlier  diplotene  separation 
of  the  condensed  part  (D.,  1935).  It  is  not  known  to  be  correlated 
with  different  behaviour  at  other  stages  of  the  life  cycle,  except 
the  meiotic  interphase,  and  in  Pellia  it  is  clearly  unrelated  with  the 
mitotic  differentiation   (Jachimsky,   1935).     It  can,  therefore,  be 
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represented  simply  as  a  timing  difference  at  meiosis,  the  proximal 
parts  being  in  advance  of  the  distal  parts.  Moreover,  since  it 
applies  to  all  chromosomes  regularly  in  exactly  corresponding 
regions  it  can  scarcely  be  due  to  a  differentiation  of  the  genetic 
properties  of  the  chromomeres  ;  it  must  be  due  to  the  position  of 
the  precocious  parts  in  relation  to  the  centromere.  At  the  same 
time  we  must  notice  that  its  location  is  strictly  comparable  with 
that  of  prochromosomes  in  plants  with  small  nuclei  [cf.  Ch.  XII). 
In  Mecostethus  a  localised  precocity  of  chromosomes  is  found 


/>.  melancgaster 


D.  tuiubria 


D.  virilia 


Fig.  ioi. — Diagram  showing  the  parts  of  the  chromosomes  of  three 
Drosophila  species  which  are  differentially  condensed  in  pro- 
phase and,  below,  for  comparison,  their  resting  nuclei  with  dark 
prochromosomes.     (After  Heitz,  1933  b.) 

at  meiosis,  but  it  is  the  distal  parts  of  the  chromosomes  that  are 
affected  (Janssens,  1924  ;   McClung,  1928  h  ;   White,  1936). 

(C)  The  third  type  of  differential  behaviour,  like  the  second, 
is  peculiar  to  meiosis  or  to  cells  that  are  about  to  undergo  meiosis. 
Like  the  first,  on  the  other  hand,  it  is  characteristic  of  particular 
parts  of  some  of  the  chromosomes,  and  the  parts  may  be  proximal 
or  distal  or  include  the  whole  chromosome.  This  behaviour  is  the 
well-known  "  heteropycnosis  "  or  differential  condensation  of  the 
sex  chromosomes  in  animals. 

In  order  to  understand  the  cause  of  this  behaviour  it  is  necessary 
to  consider  all  cases  of  the  kind  together.     These  show  that  the 
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property,  as  it  is  found  in  the  sex  chromosomes,  is  determined 
genetically  and  not  by  the  pairs  being  structurally  dissimilar,  as  a 
superficial  study  would  suggest. 

The  whole  of  the  sex  chromosomes  are  affected  in  the  heterozygous 
sex  where  they  do  not  pair  at  pachytene,  whether  there  is  a  single 
X  as  in  some  Orthoptera  and  Nematoda,  or  both  an  X  and  a  Y  as 
in  the  Hemiptera.     In  the  Hemiptera  certain  fragment  chromosomes 

Table  46 

Comparison  of  Cycles  of  Differential  Condensation  in  Different 

Organisms 


Hepaticae 
XY 


Pre-meiotic  mitosis. 
Prophase 
Metaphase     . 
Meiosis. 
Leptotene 
Pachytene     . 
Diffuse  stage 
Diplotene 
Metaphase  I 
Metaphase  II 


Orthoptera 

Marsupials 

Rat 

XOcJ 

PC? 

XX? 

XY<^ 

XYc? 

+  (I) 

0 

0 

0 

0 

0 

0 

0 

— 

+  + 

0 

0 

+  + 

0 

+  + 

+ 

0 

+ 
+ 

+ 

+ 

+ 

0 

— 

0 

0 

0 

0 

— 

— 

0 

+ 

0(2) 

— 

0 

+ 
o 

+ 

+ 

+ 
o 
o 


Explanation  :    O,   no   differential  condensation  ;     +,    over-condensation  ; 
— ,  under-condensation  ;   P,  the  precocious  autosome  of  Stenobothrus,  etc. 
(i)  Progressively  increasing  towards  meiosis. 

(2)  No  precocity,  but  according  to  Buchner  there  is  a  condensed  body 
attached,  which  is  probably  a  nucleolus. 
Cf.  Orthoptera  :   White,  1935  ;   D.,  1936  d. 
Marsupials  :    Roller,  1936. 
Rat  :    Roller  and  D.,  1934. 
Hepaticae  :   Tatuno,  1933  ;   Lorbeer,  1934. 

and,  in  some  Orthoptera,  several  smaller  members  of  the  normal 
complement,  share  the  property.  These  are  sometimes  derived 
from  the  sex  chromosomes,  since  they  pair  with  the  Y  in  Metapodius 
(Wilson,  1909),  and  with  the  X  in  v4/y^/^s  (Renter,  1930)  (cf.  Table  16). 
In  certain  species  with  an  anomalous  type  of  meiosis  half  the 
chromosome  complement  is  affected  (e.g.,  in  Lecanium,  Pseudococcus 
and  Gossyparia,  q.v.). 
The  property  may  show  itself  long  before  meiosis  in  the  failure 
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of  the  affected  chromosomes  to  enter  into  a  complete  resting  stage 
between  divisions.  In  the  male  of  the  coccid  Gossyparia  spuria 
half  the  autosomes  already  show  differential  condensation  in  the 
late  blastula  stage  (Schrader,  1929).  In  some  groups  the  unpaired 
X  chromosome  shows  progressively  increased  condensation  during 
the  resting  stages  in  the  spermatogonia  as  meiosis  approaches,  and 
consequently  shows  very  clearly  at  prophase  the  spiral  form  of  the 
chromosome  thread  from  the  preceding  division  (Tryxalis,  Brunelli, 
1910,  1911  ;  Rhahditis,  Boveri,  1911  ;  Perla,  Junker,  1923  ; 
Mecostethus,  Janssens,  1924 ;  Tettigonia,  Winiwarter,  1931). 
Frequently  at  the  premeiotic  metaphases  the  X  chromosome  is 
then  understained  (D.,  1936),  and  in  Rattus  and  Mecostethus  it 
is  understained  at  meiotic  metaphase  (Roller  and  D.,  1934  ;  White, 
1936).  We  have  the  reversal  that  we  noticed  in  the  behaviour  of 
heterochromatin.  Generally,  however,  the  differential  condensation 
does  not  show  itself  before  the  prophase  of  meiosis,  and  is  seen  only 
in  the  more  rapid  condensation  of  the  affected  chromosomes  after 
zygotene.  From  this  is  derived  the  name  "  chromatin -nucleoli  " 
by  which  they  were  early  described.  The  precocious  chromosomes 
do  not  contract  further  than  the  rest  at  metaphase,  but  during  the 
ensuing  interphase  and  at  second  metaphase,  even  in  Chorthippus 
they  continue  to  show  exceptional  condensation  (D.,  1936  d). 
Correlated  with  the  over-staining  of  the  precocious  chromosomes  are 
two  other  anomalies  of  behaviour  at  pachytene.  The  X  chromo- 
some is  bent  back  on  itself  and  only  gradually  straightens  out  as  it 
loses  its  over-condensation  at  diplotene.  It  seems  to  shed  a  coat 
of  nucleolar  substance  and  at  the  same  time  another  change  occurs. 
During  pachytene  the  X  chromosome  seems  frequently  to  attract 
to  itself  the  other  condensed  chromosomes  which  stick  to  it  by  their 
ends.  They  separate  from  it  at  the  same  time  that  it  straightens 
out  (Janssens,  1924;  D.,  1936).  In  parenthesis  we  may  notice 
that  the  temporary  end  to  end  contacts  of  chromosomes  in  the 
prophase  of  meiosis  in  female  Icerya  (Ch.  XI)  and  haploid  Triticum 
monococcum  (Katayama,  1935)  are  perhaps  analogous  to  this. 
The  ordinary  repulsions  between  chromosomes  therefore  fall  into 
abeyance  during  the  persistence  of  the  differential  staining  pro- 
perties.    This  is  perhaps  also  true  of  the  sex  chromosomes  of  the 
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rat  at  metaphase  inasmuch  as  these  chromosomes  frequently  He  off 
the  plate  or  on  the  edge  of  it. 

The  possibility  of  an  embedding  of  sex  chromosomes  in  the 
nucleolus  which  is  suggested  by  these  observations  in  Orthoptera 
and  Mammalia  is  in  keeping  with  their  observed  association  with 
nucleoli,  of  the  kind  found  in  plants,  in  meiosis  of  many  animals 
which  do  not  show  the  ordinary  differential  condensation  of  sex 
chromosomes.  Thus  the  X  chromosomes  instead  of  being  themselves 
condensed  are  associated  with  the  nucleolus  in  oogenesis  and 
spermatogenesis  in  Lepidoptera,  in  oogenesis  in  Orthoptera  (Buchner, 
1909)  and  in  mitoses  in  Drosophila  (Table  45).  Against  this  view 
two  objections  must  be  taken  into  account.  First,  sex  chromosomes 
that  are  equally  precocious  in  mitosis  and  meiosis  are  attached  to 
the  nucleolus  in  some  Hepaticae,  but  not  in  others  (Tatuno,  1933). 
Secondly,  the  X  chromosome  in  Stenobothrus  appears  equally  con- 
densed at  diplotene  with  the  specific  Feulgen  treatment  (Bauer, 
1932).  This  stain  is  not,  however,  necessarily  capable  of  distin- 
guishing extraneous  materials  that  are  in  close  association  with 
chromosomes.  When  we  recall  that  the  nucleolus  can  be  con- 
densed on  the  chromosomes  under  special  physiological  conditions 
in  plants  where  it  is  normally  organised  at  special  centres,  we  see 
that  precocious  condensation  is  plausibly  explained  as  the  result  of 
abnormal  nucleolar  formation  in  certain  cases. 

The  general  character  of  this  behaviour  makes  it  clear  that  we 
are  dealing  with  a  reaction  of  particular  chromosomes  to  special 
genetic  conditions  rather  than  with  the  reaction  of  dissimilar 
homologues  with  one  another  in  pairing,  such  as  is  characteristic  of 
structural  hybrids.  Further  critical  evidence  is  afforded  by  the 
following  observations. 

{a)  The  two  X  chromosomes  in  the  hermaphrodite  generation 
of  Rhahditis  nigrovenosa  condense  precociously  in  oogenesis.  In 
spermatogenesis  in  the  same  individual  this  precocity  is  perhaps 
exaggerated,  since  they  fail  to  pair. 

{b)  The  compound  unpaired  X  chromosome  of  male  Perla 
marginata  (Plecoptera)  behaves  differentially  in  spermatogenesis, 
but  not  differentially  in  meiosis  in  an  ovary-like  organ  produced  by 
the  male  (Junker,  1923). 
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(c)  Trisomic  supernumerary  fragments  in  Fritillaria  imperialis, 
one  of  which  must  often  be  entirely  unpaired,  show  no  evidence 
of  precocity  (D.,  1930  c),  while  supernumeraries  in  Metapodius, 
which  may  be  present  to  the  number  of  six  and  must  be  of  common 
origin  and  homologous  (Wilson,  1909),  show  strongly  differential 
condensation. 

(d)  Precocious  condensation  is  not  usual  in  sex  chromosomes  in 
the  homozygous  sex,  e.g.,  in  Orthoptera  (Mohr,  1915),  but  it  has 
been  found  in  male  Natrix  and  Gecko  (Reptilia)  and  female  Nycieretttes 
(Mammalia)  which  are  homozygous  (Minouchi,  1929  ;  Nakamura, 
1931).  It  does  not  occur  in  Enchenopa  (Homoptera),  Lebistes 
(Pisces),  or  in  angiosperms  where  the  dissimilar  sex  chromosomes 
pair  and  cross  over  (Winge,  1923,  1930  et  al.). 

(e)  Frequently  the  precocious  autosomes  in  the  Orthoptera 
form  unequal  bivalents,  one  of  them  being  deficient  {e.g.,  Brachysfola 
and  Arphia,  Carothers,  1913 ;  McClung,  1927.  Chorihippus 
parallelus,  Janssens,  1924  ;  Belar,  1929  ;  D.,  1936).  It  has  been 
thought  by  Belar  and  others  that  their  precocity  was  due  to  their 
inequality.  But  the  causation  is,  in  fact,  the  other  way  round. 
They  are  precocious  also  when  they  are  equal.  It  is  their  genetic 
property.  It  is  also  presumably  their  genetic  property  that  their 
deficiencies  do  not  matter  because  what  is  lost  is  inert.  Hence  their 
frequent  inequaUty .  The  precocity  of  these  autosomes  does  not  show 
itself  until  pachytene  and  therefore  does  not  interfere  with  pairing. 

It  is  evident  in  Mecostethus,  Rhahditis  and  Alydus,  on  the  other 
hand,  that  the  precocity  ot  identical  chromosomes  prevents  their 
pairing.  That  this  should  be  so  follows  on  the  precocity  theory, 
for  the  earlier  development  of  the  chromosomes  will  compensate 
for  the  earlier  prophase  and  restore  mitotic  conditions.  This  has 
been  shown  in  Alydus  and  Mecostethus  where  the  chromosomes  which 
do  not  pair  are  already  divided  at  the  time  the  other  undivided 
chromosomes  are  pairing.  Thus  precocity  of  the  chromosomes 
determines  their  failure  of  pairing,  not  the  reverse.  The  importance 
of  this  failure  of  pairing  in  the  evolution  of  sex  chromosomes  and  the 
development  of  dissimilarities  between  them  will  be  considered  later. 

Conclusion.  While  it  is  possible  to  classify  the  differential 
behaviour  of  chromosomes  according  to  these  three  types,  there 
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still  remain  exceptions  that  do  not  agree  with  any  of  the  rules 
described. 

First,  there  are  cases  of  precocious  condensation  of  the  third 
type  that  seem  to  depend  on  hybridity  or  the  absence  of  a  partner 
at  zygotene.  Such  are  the  precocity  of  certain  chromosomes  in 
hybrid  roses  (Erlanson,  1929)  asynaptic  Avena  (Huskins  and  Heame, 
1933)  and  Saccharum  (Bremer,  1930),  and  in  the  fragments  of 
Camnula,  an  orthopteran  (Carroll,  1920).  It  may  be  that  these 
represent  the  second  type  of  differential  condensation  operating  in 
hybrids. 

Secondly,  there  are  the  B  chromosomes  of  maize  which  are 


Fig.  102. — Metaphase  plate  of  Zea  Mays  showing  three  condensed 
B  chromosomes.     No.  6  is  the  nucleolar  chromosome.     X  5000. 

distinguishable  by  their  behaviour  at  all  stages  of  the  life  cycle. 
Thus  they  are  over-stained  at  metaphase  of  meiosis  (Randolph, 
1928)  and  at  metaphase  of  mitosis.  They  show  reduced 
primary  attraction  at  meiosis  (McClintock,  1933)  and  probably 
reduced  secondary  attraction  at  mitosis,  where  they  never  show 
somatic  pairing  (Fig.  102).  They  are  physiologically  inert,  and  this 
property  may  be  related  with  their  reduced  attraction  or  reduced 
specificity  in  attraction.  It  is  difficult  to  know  in  what  category 
to  place  them  or  indeed  the  condensed  chromosomes  of  the  hepatic 
Frullania,  which  show  over-condensation  equally  at  mitosis  and 
meiosis. 

Although  it  is  not  possible  to  put  the  whole  of  these  hetero- 
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geneous  observations  into  a  consistent  scheme  we  can  see  three 
principles  connecting  the  differential  staining  capacity  with  other 
differential  properties  of  the  chromosomes.  First,  there  is  the 
inertness  of  the  heterochromatic  regions  of  the  sex  and  other 
chromosomes  in  Drosophila,  Chorthtppus  and  Zea.  Secondly,  there 
is  the  reversal  of  staining  properties  in  Rattus,  Chorthtppus  and 
Drosophila  at  different  stages  of  the  nuclear  cycle.  Thirdly,  there  is 
the  attraction  or  lapse  of  repulsion  of  heterochromatic  chromo- 
somes at  one  stage  in  Rattus,  Chorthtppus,  Zea  and  elsewhere. 

The  first  of  these  shows  the  working  of  a  genetic  property  in  the 
particles  or  genes  concerned,  and  agrees  with  the  particular  observa- 
tions of  the  last  type  of  differential  behaviour  described  above. 
The  second  shows  that  the  behaviour  depends  essentially  on  a 
difference  from  the  substrate,  such,  that  if  the  usually  over-con- 
densed parts  of  the  chromosomes  have  the  difference  the  under- 
condensed  parts  have  not,  and  vice  versa.  What  this  difference  is 
can  be  seen  from  the  third  principle  :  the  absence  of  repulsion 
indicates  a  lower  surface-charge  and  therefore  probably  a  difference  in 
iso-electric  point  of  the  chromosome  materials.  This  agrees  with  the 
constant  material  basis  in  the  genes  arrived  at  earlier.  But  further 
it  seems  very  probable  that  the  staining  capacity  of  the  chromosomes 
with  ordinary  treatment  should  be  related  to  the  surface  charge 
on  them  (although,  as  we  find,  not  with  the  Feulgen  reaction), 
since  the  deposition  of  the  common  nuclear  dyes  is  a  surface 
phenomenon. 

We  may  conclude,  therefore,  provisionally,  that  the  differential 
staining  behaviour  of  chromosomes  is  conditioned  most  immediately 
by  differential  surface  charge  which  in  turn  depends  on  the  difference 
between  the  local  iso-electric  point  and  the  pH  of  the  medium,  and 
also  (in  the  case  of  proximal  condensation)  on  more  remote  con- 
ditions such  as  the  proximity  of  the  heavily  charged  centromere 
(cf.  Ch.  XII). 

3.  BALANCE 
Boveri  showed  from  experiments  on  doubly  fertilised  sea-urchin 
eggs  that  all  the  chromosomes  making  up  the  complement  of  a 
gamete  must  be  present  for  the  normal  development  of  the  zygote. 
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He  therefore  properly  inferred  that  the  chromosomes  of  the  com- 
plement were  qualitatively  different. 

The  same  conclusion  may  be  derived  from  recent  experiments  of 
various  kinds,  some  of  which  carry  us  much  further. 

(a)  MoNOSOMics.  The  first  kind  of  evidence  is  derived  from 
organisms  which  lack  either  a  part  or  a  whole  of  one  chromosome 
of  their  diploid  complement.  The  first  are  said  to  have  a  sectional 
deficiency  ;  they  are  deficiency-heterozygotes.  The  second  are  said 
to  be  "  monosomic  ;   they  are  numerical  hybrids." 

Such  organisms  have  arisen  in  all  the  conceivable  ways,  as 
follows  : — 

1.  Through  loss  of  one  chromosome  in  a  somatic  mitosis  of  a 
diploid,  e.g.,  Datura  Stramonium,  Blakeslee  and  Belling,  1924  ; 
Zea  Mays,  McClintock,  1929  b  ;   GEnothera,  Michaelis,  1926. 

2.  Through  parthenogenetic  development  of  an  "  unreduced  "  egg 
(Ch.  XI)  which  has  lost  one  chromosome  at  meiosis,  e.g.,  GEnothera 
Lamarckiana  in  a  cross  with  CE.  longiflora.  Stomps,  1931. 

3.  Through  functioning  of  a  deficient  egg  cell  (x  —  1)  in  an 
animal  [e.g.,  Drosophila  melanogaster  giving  the  haplo-IV  type, 
Fig.  121)  or  in  a  plant  [e.g.,  Nicotiana  alata,  Avery,  1929  ;  Goodspeed 
and  Avery,  1929  a).  This  is  also  possible  in  regard  to  a  segment, 
as  in  Matthiola  heterozygous  for  lack  of  a  trabant  (Philp  and 
Huskins,  1931)  which  transmits  the  deficient  chromosome  through 
the  eggs  but  not  through  the  pollen,  and  consequently,  when  selfed, 
yields  50  per  cent,  of  offspring  heterozygous  for  the  deficiency  and 
none  homozygous. 

4.  Through  functioning  of  a  deficient  male  gamete  (;t:  —  i)  in  an 
animal,  e.g.,  Drosophila  melanogaster,  whose  sperm  will  function 
lacking  an  X  chromosome  (Kuhn,  1929  h).  In  special  circumstances 
this  can  occur  in  plants.  Thus  Stadler  (1931)  obtained  2x  —  1 
plants  by  X-raying  pollen  of  Zea  Mays.  The  x  —  i  pollen  functioned 
because  no  normal  uninjured  pollen  grains  were  left  to  compete 
with  it.  Even  pollen  deficient  for  a  small  segment  of  a  chromosome 
fails  in  competition  with  normal  pollen  in  Zea,  although  embryo- 
sacs  of  this  kind  will  develop  (Stadler,  1932).  As  a  rule,  where  it  is 
known  to  be  regularly  formed  at  meiosis  (as  in  ring-forming  Rhoeo 
and  GEnothera  ;  cf.  D.,  1929  c,  1931  h),  x  —  i  pollen  never  reaches 
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its  first  gametophytic  mitosis.  Sub-haploid  pollen-grain  divisions 
have,  however,  been  found  in  Uvularia  (Belling,  1925  c)  and  in  an 
Allium  hybrid  (Levan,  1936). 

These  observations  show  that  while  embryo-sacs  and  animal 
gametes,  lacking  a  part  of  the  haploid  complement,  may  function 
(on  account  of  their  very  limited  activities)  the  male  gametophyte 
of  plants  is  usually  incapable  of  development  in  this  condition. 
Further,  the  zygote  of  plant  or  animal  can  never  develop  when 
lacking  either  a  section  or  a  whole  chromosome  of  one  type  entirely, 
i.e.,  in  both  sets.  The  organism  is  slower  and  poorer  in  develop- 
ment where  a  section  or  a  small  chromosome  is  lacking  in  one  set, 
and  non-viable  where  a  larger  element  is  lacking,  e.g.,  one  of  the 
large  autosomes  in  Drosophila. 

The  statement  is  satisfactory  for  general  purposes,  but  it  requires 
two  qualifications,  one  of  which  is  obvious  from  what  has  already 
been  said.  The  haploid  complement  probably  always  contains 
reduplications.  We  might  then  expect  that  it  would  not  all  be 
necessary  or  equally  necessary  to  the  life  of  the  organism.  That 
this  is  so  has  been  proved  by  Muller  (1935).  Certain  deficiencies  of 
small  segments  are  not  lethal  in  Drosophila  in  the  homozygous 
condition.  The  segments  lost  are  presumably  present  elsewhere. 
The  organism  is  protected  against  their  loss  as  a  polyploid  is.  The 
second  quaUfication  depends  on  some  parts  of  the  chromosome  being 
inert ;  its  consequences  will  be  discussed  later. 

The  fact  that  a  certain  group  of  materials  is  necessary  for  the 
successful  working  of  the  life  processes  enables  us  conveniently  to 
define  the  haploid  complement  of  an  organism  as  the  minimum 
combination  of  chromosomes  or  parts  of  chromosomes  necessary  in 
single  or  double  number  for  the  development  of  the  organism  to 
maturity. 

(b)  Progeny  of  Triploids.  The  second  kind  of  evidence  is  to 
be  derived  from  the  progeny  of  triploids.  In  these  the  extra 
chromosomes  are  distributed  at  random  at  the  first  and  second 
divisions  (with  slight  loss  through  lagging)  shown  by  Mather  (1935) 
with  trivalents  in  Triticum,  and  therefore  gametes  are  produced 
with  an  approximately  binomial  frequency  distribution  of  chromo- 
somes ranging  from  the  haploid  to  the  diploid  number  (Table  47). 
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It  might  be  expected  from  these  observations  that  the  progeny 
of  triploids  would  for  the  most  part  receive  from  their  parents 
approximately  ja;/2  chromosomes. 

Table  47 
Distribution  of  Chromosomes  at  Meiosis  in  Triploids 


Nos.  of  chromosomes 


Hyacinthus       (pollen 

grain)  AT  =  8. 

Belling,   1925  ;    D. 

1926    . 
Tradescantia     (pollen 

grain)  x  =   6. 

D.,  1929  c     . 
Petunia  (second 

metaphase)   x  =  j. 

Dermen,  1931 


6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

4 

28 

61 

91 

88 

69 

33 

5 

— 

4 

13 

30 

21 

4 

— 

I 

12 

32 

40 

41 

20 

5 

I 

16 


Note. — The  slight  excess  of  the  numbers  below  ^xjz  is  due  to  loss  of  chromo- 
somes at  meiosis,  cf.  Levan,  1933  a,  1935  b.  The  chance  is  calculated  as  10 
per  cent,  in  Hyacinthus  (D.,  1926),  11-5  per  cent,  in  Narcissus  (Nagao,  1935). 

The  zygote  progeny,  however,  do  not  correspond  at  all  with  the 
gametic  proportions.  They  show  a  different  range  according  to 
whether  the  triploid  is  the  male  or  the  female  parent,  or  both,  and 
whether  the  opposite  parent  is  diploid  or  tetraploid.  In  all  these 
types  of  cross  there  is  elimination  of  gametes  and  zygotes  having 
extra  chromosomes.  In  consequence  triploids  show  a  sterility 
which  increases  with  the  number  of  chromosomes  in  the  haploid  set, 
other  things  being  equal.  This  elimination  depends,  first,  on  a 
failure  of  growth  of  abnormal  pollen  grains,  which  is  sometimes 
complete  and  sometimes  merely  a  failure  to  compete  with  normal 
ones — or  with  better  suited  ones,  since  the  diploid  pollen  of  a 
triploid  (Enothera  grows  better  on  the  tetraploid  stigma  and  the 
haploid  pollen  on  the  diploid  stigma  (Table  49).  In  two  cases  in 
Solanum  only  the  diploid  gametes  of  triploids  have  functioned  on 
selfing  (Huskins,  1934  ;  Janaki  Ammal,  1934).  Secondly,  it  depends 
on  competition  between  zygotes  in  the  embryonic  stage  ;  this 
applies  equally  to  the  seed  of  Solanum  and  the  larva  of  Drosophila. 
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Similar  elimination  is  found  in  the  breeding  of  plants  and  animals 
that  are  simply  trisomic,  either  in  a  whole  chromosome  or  in  part 
of  a  chromosome  (v.  Table  50)  or  in  the  development  of  pollen  of 
plants  of  these  types  (v.  Table  51  and  Fig.  103). 

Table  48 

A.  Trisomic  Organisms  showing  Differential  Action  of  Chromosomes. 

CEnothera  Lamarckiana.    de  Vries.     Cf.  Lutz,  1907  b  ;  Catcheside,  1933, 

1930  ;   Emerson,  1935,  1936  [cf.  Ch.  XII). 
Datura  Stramonium.     Blakeslee,  1922,  1928,  1931. 
Matthiola  incana.     Frost  and  Mann,   1924  :    M.  M.  Lesley  and  Frost, 

1928. 
Crepis  spp.     Navashin,  1926,  1930  a  ;   Hollingshead,  1930  b. 
Zea  Mays.     McCIintock,  1929  a  ;    D.,  1934  ;    Rhoades  and  McClintock, 

1935- 
Solanum  Lycopersicmn.     Lesley,  1928. 
Avena.     Nishiyama,  1934. 
Antirrhinum.     Propach,  1935. 

Vicia  macrocarpa  (6)  X   V.  sativa  (6)  Fg.     Sweschnikowa,  1929  b. 
Secale  cereale.     Takagi,  1935. 
Drosophila  melanogaster.     Bridges,  192 1  b. 

B.  Unbalanced  Clonal  Forms. 

Hyacinthus  {2x  +  1-14).     de  Mol,  1923  :    D.,  19296. 
Narcissus  {2x  +  i,  2  ;    3;»r  +  i,  2).     Nagao,  1933. 
Chrysanthemum  {6x  -\-  3-6).     Shimotomai,  1933. 
Crocus  spp.     Mather,  1932. 
Iris  spp.     Simonet,  1934. 
Poa  alpina.     Miintzing,  1932. 

The  relative  viability  of  the  different  kinds  of  progeny  of  triploids 
and  aneuploids  may  be  tested.  They  differ  ^rom  the  normal  in 
two  ways  : — 

(i)  in  the  size  of  the  fraction  of  the  whole  complement  which  is 
present  in  excess,  the  fraction  being  in  the  following  degrees  : 
fragment  or  small  chromosome,  whole  chromosome,  two  chromo- 
somes, etc.  ; 

(ii)  in  the  disproportion  of  the  excessive  fraction  to  the  rest,  the 
proportions  being  3  to  2  (trisomic  diploid)  and  4  to  2  or  2  to  i 
(tetrasomic  diploid  and  disomic  haploid) . 

They  also  differ  at  different  stages  of  the  life  cycle  owing  to 
differences  in  the  stringency  of  conditions  of  life. 

Thus  the  observations  on  fertility  of  numerically  abnormal 
zygotes  may  be  used  to  measure  elimination  on  three  scales.    Taking 
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the  last  first,  the  stringency  of  ehmination  increases  in  the  following 
series  :  Animal  egg,  animal  sperm,  embryo-sac,  pollen,  plant  or 
animal  zygote.  Taking  the  size  of  the  fraction  :  the  higher  the 
proportion  of  the  haploid  complement  reproduced  in  excess  (up  to 
one-half)  the  greater  the  reduction  of  viability.  Taking  the 
disproportion  of  the  excessive  fraction  :  the  higher  the  disproportion 
the  more  aggravated  is  the  defect  produced. 

Table  49 
Transmission  of  Extra  Chromosomes  of  Triploids  to  their  Progeny  * 


3x  X  2x  {i.e..  through  eggs). 
CEnothera  Lamarckiana. 

x^j.  vanOvereem,  1921 
(E.  biennis,    x  =  'j.        van 

Overeem,  1920 
Datura  Stramonium.  ;tr=  12. 

Belling  &  Blakeslee,  1922 
Solanum       Ly  coper  sicum. 

X  =  12.     Lesley,  1928     . 
Zea  Mays,     x  =  10. 

McClintock,  1929 

2x  X  3.r    {i.e.,    through  pollen). 

CEnothera    Lamarckiana. 

X  =  -J   . 
Petunia,     x  =  '].    Dermen, 

1931      .... 
Solanum  Ly  coper  sicum. 

;v  =  12. 
Zea  Mays.     ;r  =  10   . 


41 


215 


10 


IX+X 


9 

26 

381 

38  + 


2;t  +  2 


lOI 


16  + 


2.r-f3     2:t  +  4 


2;t+5     2X  +  6     2X+y 


39 
37 

15 
12 

2 
27 

6 

2 

— 

— 

— 

Zx  selfed.  Crepis  capillaris  (;ir  =  3)  x  C.  tectorum  {x  =  ^).  Hollingshead, 
1930  h.  CCT  plant  (from  unreduced  egg.  2X  =  CC  =  6  ;  ^x  =  CCT 
=  10  ;  4x  =  CCTT  =  14. 

*  Cf.  Nishiyama,  1934,  ^^d  Levan,  1935,  for  further  data. 


Chromosome  number 

6 

7 

8 

9 

10 

II 

12 

13 

14 

Random  expectation 

I 

8 

28 

56 

70 

56 

28 

8 

I 

Progeny  . 

59 

12 

4 

4 

12* 

3 

3 

3 

If 

*  All  of  the  composition  CCT  {^x). 

t  Composition  CCTT,  i.e.,  true  4X  {cf.  Table  26). 

Random  expectation  should  be  multiplied  by  101/256. 
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Table  50 
Transmission  of  Extra  Chromosomes  of  Trisomies  to  their  Progeny* 


Through 

Through 

Pollen. 

Eggs. 

Percent. 

Percent. 

Blakeslee  (192 1)     . 

Datura  ("Globe") 

3 

26 

Clausen  and  Goodspeed, 

Nicotiana  Tahacum  f 

3-4 

35-4 

1924. 

("  Enlarged,"  4  ;r  +  i). 

R.  £.  Clausen,  1930 

Nicotiana    Tabacum  X 
{"  Fluted,"  4  X  —  1). 

2 

ca.  60 

Frost  and  Mann  ,1924    . 

Matthiola  ("Slender")     . 

20 

nil 

Lesley,  1928 

Solanum  Ly coper sicum. 

triple  "  A  " 

0 

24 

"C" 

10 

ca.  15 

23 

27 

*  50  per  cent,  expected  :  the  reduction  is  chiefly  due  to  elimination  of 
abnormal  gametes,  but  partly  also  to  elimination  of  abnormal  zygotes. 

t   Pentasomic  allo-tetraploid. 

X  Trisomic  tetraploid  :  the  high  transmission  oi2x—i  eggs  is  due  to  frequent 
loss  of  the  unpaired  chromosome  at  meiosis  so  that  more  2;«r— i  eggs  than  2.x 
are  formed.     No  4;^;  — 2  seedlings  appear. 


Table  51 
Pollen  Abortion  in  Datura  (after  Blakeslee  and  Cartledge,  1926). 


Type  of  plant     . 
Percentage  bad  pollen 


X 

2;v  —  I 

IX 

IX  -{-  \ 

3^ 

88 

ca.  60 

1-2 

ca.  5 

44 

4X 

5 


Notes. — (i)  There  are  no  monosomies  in  the  progeny  of  haploids,  therefore 
X  —  1  eggs  and  pollen  or  2;^;  —  i  zygotes  are  non-viable. 

(ii)  The  primary  trisomies  with  the  poorest  pollen  are  not  those  with  the 
poorest  growth  and  lowest  frequency  of  appearance  in  progeny  of  triploids. 
Therefore  the  disadvantageous  effect  of  the  extra  chromosome  is  specific  in 
regard  to  time  of  action. 

(iii)  The  pollen  abortion  is  higher  in  the  tetraploid  than  in  the  diploid 
[cf.  Table  28). 


R.A.    CYTOLOGY. 
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Table  52 
Effects  of  Abnormal  Chromosome  Constitution  on  Viability 

I.  In  Drosophila  melanogaster  (Fig.  12  ;  cf.  Li,  1927). 


Deficiency. 


Gametes  {x—i). 

Nullo-J^    and    -Y    sperm    function 

(Kuhn,     1929)     and         probably 

therefore  all  other  aberrant  types. 

All  eggs  probably  fertilised. 

Zygotes  (2Ar— i). 

(i)  Sections  :     some  have  no  effect. 

Others  are  lethal  to  larva, 
(ii)  Haplo-7F  :  development 

retarded,  not  lethal, 
(iii)  Haplo-7/    and     III  :    lethal    in 

egg  stage, 
(iv)  Haplo-^  :  viable   male  (sterile). 

Zygotes  (2Ar  — 2). 

(i)  Sections  :     homozygous 

deficiencies   lethal  in   prelarval 
stages  (including  deficiencies  in 

a: of  J). 

(ii)  Nullo-7F:  little  or  no  develop- 
ment, 
(iii)   Nullo-X  :      no     development 
(similarly  nullo-77  or  777). 


Reduplication. 


{X  +  I). 

All  types  of  egg  and  sperm  capable 
of  fertilisation. 


(2^+1). 
(i)  Section  :   no  deleterious  effect. 


viability     slightly 
usually 


(ii)  Triplo-IV 

reduced, 
(iii)  Triplo-77     and    777 

lethal  to  larva, 
(iv)   Triplo-A"  :     usually     lethal     to 

larva  or  pupa  ("  super-female"). 

{2X-\-2). 

(i)  Sections  :    "  P  III  "     lethal     to 
larva. 


(ii)  Tetra-7F  :    lethal      to      young 

larva. 
(iii)  Tetra-X,  77   or   777  :       cannot 

occur. 


II.  In  various  plant  species  referred  to  in  earlier  tables  (for 
deficiencies,  cf.  Monosomies). 

The  following  table  summarises  the  effect  of  single-section  and 
single-chromosome  differences  from  the  normal  on  various  stages  of 
the  life  cycle  in  certain  animal  and  plant  species. 

Gametes,  x  -}-  1. 

Pollen    (i)  Fragments  :  viability  probably  slightly  reduced. 

(ii)  Whole   chromosomes  :    largely   eliminated   but   to   a 

varying  extent  according  to  the  chromosome, 
(iii)  Several  chromosomes  :  all  eliminated. 
Eggs       (i)  Fragments  / 

(ii)  Whole  chromosomes     \ 


Unaffected. 


CHARACTERISTIC    TRISOMICS  ^2^ 

Zygotes. 

2;t  +  I  (i)  Fragments  :    viability     not    clearly    lowered  ;    show 
specialised  abnormality, 
(ii)  Whole     chromosomes :    viability     slightly     lowered. 
Show  generalised  abnormality. 
2a;  +  2   (i)  Fragments  :    accentuation  oi  2x  -{-  i  type.    Viability 
lowered, 
(ii)  Whole  chromosomes  :  accentuation  of  2a;  +  i  type. 
Viability  greatly  lowered. 

(c)  Trisomics.  Records  of  fertility  and  elimination  showing  the 
differentiation  of  the  chromosomes  are  supported  by  a  large  series 
of  qualitative  observations.  Thus  in  numerous  species  (Table  50), 
a  whole  series  of  trisomic  phenotypes  have  been  identified  corre- 
sponding with  the  different  members  of  the  complement  which  are 
present  in  excess.  In  Datura  and  (Enothera  there  are  not  only  the 
types  of  trisomic  corresponding  in  number  to  the  haploid  comple- 
ment, but  there  are  the  special  types  corresponding  to  viable  inter- 
change combinations  and  these  are  much  more  numerous  (Ch.  IX). 
The  extra  chromosomes  are  specific  in  the  time  of  their  action  as 
well  as  in  the  kind  of  effect  they  produce.  For  example,  the 
trisomic  Datura  type  with  the  worst  pollen  at  maturity  is  not  the 
one  with  the  lowest  pollen  effectiveness  in  fertilisation.  Again, 
the  -extent  of  the  disproportion  always  has  a  quantitative  effect  ; 
the  tetrasomic  has  the  corresponding  trisomic  characters  in  an 
exaggerated  degree,  while  the  same  number  of  chromosomes  in  a 
tetraploid  or  hexaploid  have  a  reduced  effect  (e.g.,  Triticum  vulgare, 
6x,  Kihara,  1919-24,  Huskins,  1928  ;  Avena  sativa,  6x,  Huskins, 
1927  ;  Primula  keivensis,  4X,  Newton  and  Pellew,  1929),  whence  the 
occurrence  of  only  high  polyploid  species  with  variable  numbers 
[v.  Ch.  VIII). 

Simple  trisomics  do  not  normally  breed  true  and  multiple  trisomics 
never  do  so.  They  are  therefore  found  permanently  only  in  clonal 
plants.  Amongst  these  their  special  qualities  have  often  led  to 
their  being  selected  for  propagation  (Table  48  B) . 

{d)  Balance  and  Proportion.  Two  principles  may  be  inferred 
from  these  observations  : — 

11— ? 
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(i)  The  parts  of  the  chromosome  complement  have  specific  and 
different  properties  ;  this  is  the  principle  of  differentiation. 

(ii)  These  parts  co-operate  in  the  developmental  processes  of  the 
organism,  so  that  every  part  of  the  chromosome  complement  is 
necessary  for  the  normal  development  of  every  part  of  the  organism  ; 
this  is  the  principle  of  co-operation,  which  is  an  a  posteriori  statement 
of  the  a  priori  doctrine  of  epigenesis. 

Now  when  these  two  principles  are  considered  in  relation  to 
adaptation  they  give  it  a  new  character.  The  adaptation  of  an 
organism    (gamete   or   zygote)    must   be   held   to   consist   in   an 


14    15     16    17     18    19     20    21     22    23     24    25     26    27 
Number  of  chromosomes  (2n) 

Fig.  103. — Relative  fertility  of  plants  with  different  chromosome 
members  derived  from  the  cross  Avena  strigosa  X  A.  harhata 
(,r  =  7).     (Nishiyama,  1934.) 

adjustment  of  the  proportions  of  the  differentiated  particles  (genes) 
to  co-operation  with  one  another  in  joint  reaction  to  external 
conditions.  This  adjustment  has  been  described  by  Bridges  (1922) 
as  balance.  The  "  normal  "  or  successful  type  of  gamete  or  zygote 
in  a  species  is  said  to  be  "  balanced  "  while  the  types  with  their 
constituent  elements  not  so  proportioned  are  said  to  be 
"  unbalanced." 

Consider  a  chromosome  complement  consisting  of  n  qualita- 
tively differentiated  particles  or  genes.  On  Bridges'  principle  the 
properties    of    the    organism    depend    on    the    proportions,    i.e., 


interactions,  of  these  particles.     There  are 


n(n  —  i) 


such  specific 
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interactions  between  pairs  of  genes.  Where  one  particle  is 
reduplicated  n  of  these  interactions  are  changed  ;  where  half  the 
particles  are  reduplicated  the  maximum  number  of  interactions  are 

changed,  i:.^.,  — .     It    follows    that    the    maximum    unbalance    is 

4 
attained  where  half  the  chromosome  complement  is  reduplicated 

and  the  least  unbalance  where  the  least  portion  is  reduplicated. 

This  rule  applies  to  Drosophila,  where  the  only  viable  autosome 
trisomies  are  the  triplo-IV,  and  to  Solanum  Lycopersiciim,  where 
the  2x,  2x-\-f,  2x-\-2f,  2x-\-'L  and  2a;+2  represent  a  descending  series 
in  relation  to  growth  rate  (Lesley  and  Lesley,  1929).  It  applies  to 
all  observed  progenies  of  triploids,  which  show  greater  elimination 
of  2^+2  and  2a:+3  forms  than  of  2x-\-'l.  It  applies  to  the  size  of 
unbalanced  pollen  grains  in  Tradescantia  (D.,  1929  c).  The  rule 
also  means  that  the  smaller  the  number  of  particles  affected  the 
more  specific  will  be  the  effect  on  the  organism.  It  is  found  that 
extra  fragments  have  a  more  restricted  effect  than  extra  whole 
chromosomes  in  Solanum. 

It  also  follows  that  where  the  change  in  proportion  is  from  i  :  i 
to  2  :  I  the  effect  should  be  more  drastic  than  where  the  change 
is  from  2  :  i  to  3  :  2.  Thus  tetrasomics  (whether  of  fragments  or 
whole  chromosomes)  are  more  markedly  abnormal  (in  viability 
as  in  other  respects)  than  the  corresponding  trisomies  in  Datura, 
Solanum  and  Matthiola. 

The  principle  of  balance  operates  co-extensively  with  qualitative 
differentiation.  Moreover,  variation  in  the  degree  of  differentiation 
between  chromosomes  is  probably  due  to  their  being  sometimes 
similarly  differentiated — in  plants,  no  doubt,  owing  to  a  remote 
polyploid  ancestry.  Hyacinthus  orientalis,  for  example,  shows 
reduced  unbalance  in  trisomies  and  hence  reduced  sterility  in 
triploids.  It  is  possibly  in  its  remote  origin  a  tetraploid 
(v.  Ch.  VI). 

This  contrast  between  balance  and  unbalance  conveys  the 
impression  of  something  denigratory  about  unbalance,  and,  as  we 
have  seen,  unbalanced  forms,  like  gene  mutants,  are  usually  mal- 
adjusted in  proportion  to  the  amount  and  frequency  of  the  particles 
concerned.     But  particular  exceptions  show  that  this  rule  is  no 
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absolute  one.  Certain  kinds  of  unbalance,  like  certain  gene- 
mutants,  are  hardly  inferior  to  the  normal  condition.  The  difference 
between  balance  and  unbalance  must  therefore  be  expressed  in 
relative  terms  thus  :  The  balanced  combination  of  genes  has  been 
exposed  to  natural  selection.  The  unbalanced  combination  has 
not  ;  it  is  at  random,  and  since  the  possibilities  of  random  com- 
bination are  vast  (most  organisms  probably  having  some  thousands 
of  differentiated  genes)  and  the  number  of  successful  combinations 
possible  in  any  one  environment  are  few,  the  chances  of  a  new 
unbalanced  type  being  as  successful  as  the  normal  are  remote. 

These  arguments  may  be  inverted,  and  we  then  see  natural 
selection  from  a  different  point  of  view,  which  is  not  without  value. 
We  may  say  that  natural  selection  consists  in  the  elimination  of 
unbalanced  forms  from  the  body  of  proportion-mutants  and  gene- 
mutants  in  a  species. 

(e)  Secondary  Balance.  From  these  considerations  it  follows 
that  the  possibility  is  always  open  of  variation  occurring  by  a 
change  in  proportion,  either  by  reduplication  of  segments  of 
chromosomes  or  of  whole  chromosomes.  If  such  a  new  proportion 
were  successful  it  would  yield  a  new  secondary  balance  having  a 
different  phenotypic  expression  from  the  primary,  ancestral,  type. 
Evidence  of  this  probably  universal  type  of  variation  is  only 
beginning  to  appear,  for  the  reason  that  the  necessary  inferences 
are  elaborate  ones. 

Where  the  change  of  balance  is  concerned  with  whole  chromosomes 
its  occurrence  seems  to  be  confined  to  polyploids.  Thus  the 
i8-series  arises  in  Dahlia  secondarily  to  the  8-series  and  the  17-series 
in  the  Rosaceae  secondary  to  the  7-series  (v.  Ch.  VI).  The  primary 
balance  in  the  17-series  is  shown  by  the  critical  test  of  triploid 
progenies.  Thus  in  the  progeny  of  triploid-diploid  crosses  the 
following  distribution  of  chromosome  number  types  is  found  in 
Pyrus  Mains  (Moffett,  193 1  ;   cf.  Nebel,  1933  h)  : — 


Chromosomes  in  excess 

of  34:         I     2     3     4     5     6     7     8     9     10     II      12      13      14     15      16     17 

Nos.  of 

seedlings  --14251024       i        i        i        i     —     —     —     — 
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This  distribution  is  different  from  that  characteristically  found 
in  simple  triploids  already  discussed  where  intermediate  numbers 
are  eliminated.  The  favouring  of  seedlings  with  seven  extra 
chromosomes  suggests  that  these  are  the  seven  that  make  up  the 
primary  set  whose  existence  is  inferred  on  other  grounds. 

In  Nicotiana  (x  =  12)  also  the  progeny  of  triploids  having  12 
bivalents  and  12  univalents  do  not  show  the  sharp  elimination  found 
in  simple  triploids.  In  these  cases  the  middle  number  is  favoured 
(Table  48,  cf.  East,  1933)  : — 

Table  53 

Distribution  of  extra  chromosomes  of  the  triploid  Nicotiana 
paniciilata  [n  =  12)  X  N.  rustica  (n  =  24)  in  the  back-crosses  to 
its  parents  (Lammerts,  1929,  1931). 


No.  of  extra  chromosomes 

0 

I 

2 

3 

4 

5 

6 

7 

8 

Q 

10 

II 

12      24* 

I.  3a;  X  rustica  i  (78) 

2n  =  36  + 

- 

- 

- 

3 

8 

12 

12 

- 

7 

I 

- 

- 

-       35 

2.  2,x  'X  paniculata  i   (117) 

2n  =  24  + 

- 

5 

3 

4 

17 

16 

24 

6 

10 

4 

- 

- 

-       28 

3.  rustica  x  z^  0    (44) 

2n  =  36  + 

- 

- 

- 

- 

- 

- 

4 

3 

2 

'7 

- 

3 

3ot      - 

♦  Through  failure  of  reduction.       Cf.  Ch.  XI. 

t  Gametic  selection  on  male  side  is  determined  by  relationship  to  female  parent  as  in  QLnothera. 

These  results  may  be  explained  as  due  to  a  lack  of  differentiation 
in  the  chromosomes,  or  to  the  set  of  twelve  being  derived  from  an 
earlier  set  of  six  by  polyploidy.  The  latter  view  is  the  more 
probable  and  is  favoured  by  evidence  of  secondary  pairing  in 
Nicotiana  and  of  the  general  evolutionary  relationship  of  chromo- 
some numbers  [v.  Ch.  VI).  Thus  Nicotiana  with  an  apparent  basic 
number  of  12  may  be  said  to  have  a  primary  basic  number  of  6 
from  which  the  secondary  basic  number  of  12  is  in  process  of  develop- 
ing— without,  however,  any  change  in  balance  in  the  whole  set. 

The  second  kind  of  evidence  of  change  of  balance  in  evolution 
consists  in  the  occurrence  of  intra-haploid  homology,  i.e.,  the 
reduplication  of  materials  (genes)  within  the  haploid  set.  This 
may  be  inferred  from  both  genetical  and  cytological  observa- 
tions, which  indicate  that  pairing  occurs  exceptionally  between 
chromosomes  in  the  same  haploid  set  in  the  absence  of  competition, 
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as   described   in   the   previous   chapter   in   relation   to   secondary 
structural  change  (c/.  also  p.  i8i). 

It  may  be  thought  remarkable  that  pairing  (and  crossing-over) 
should  occur  between  parts  of  chromosomes  in  the  haploid,  although 
these  parts  never  seem  to  pair  in  the  diploid,  especially  since  in 
CEnothera  this  pairing  is  often  terminal,  proving  that  the  ends  of 
some  of  the  different  members  of  the  haploid  set  are  homologous. 
How  does  this  agree  with  the  notion  that  the  parts  of  the  chromo- 
somes are  qualitatively  differentiated  ?  A  comparison  with  the 
observations  of  differential  affinity  in  polyploids  shows  the  explana- 
tion (Ch.  VI).  It  is  known  that  chromosomes  which  rarely  or  never 
pair,  in  an  allotetraploid,  may  pair  regularly  in  its  diploid  hybrid 
parent  or  its  parthenogenetic  diploid  progeny.  Thus  it  is  not 
surprising  that  chromosomes  which  never  pair  in  the  diploid  should 
occasionally  pair  in  its  parthenogenetic  haploid  progeny  for  the  same 
reason.  Two  "  non-homologous  "  chromosomes  of  the  haploid  set 
may  consist  of  a  series  of  particles  (or  genes)  ahcdefghkl  .  .  .  and 
amnopqrs  ...  In  the  presence  of  identical  mates,  i.e.,  with  the  same 
linear  sequence  of  particles,  the  a  particles  of  different  chromosomes 
will  never  pair.  In  the  haploid  they  will  very  often  pair  at  pachytene 
and  occasionally  form  a  chiasma  which  will  preserve  their  pairing  at 
metaphase. 

These  observations  are  in  agreement  with  the  theory  of  mutation, 
by  crossing  over,  outlined  elsewhere  (Chs.  VII  and  IX),  which 
demands  that  in  CEnothera,  as  in  other  organisms,  small  sections 
should  be  homologous  in  different  parts  of  the  same  haploid  com- 
plement and  of  different  complements.  This  would  mean  that 
there  had  been  a  considerable  amount  of  reshuffling  of  small  pieces 
of  chromosome  in  the  history  of  the  species,  the  primary  changes 
being  inversion  and  interchange,  and  the  secondary  changes, 
reduplication  and  deficiency. 

Every  gene  or  series  of  genes  must  be  supposed  to  have  had  a 
beginning  at  some  time  when  it  would  have  been  singly  represented 
in  any  chromosome  complement.  Reduplication  of  genes  therefore 
means  that  there  has  been  a  change  of  proportion,  which  if  successful 
becomes  secondary  balance.  All  chromosome  complements  are 
probably  secondary  in  this  sense,  for  such  change  is  perhaps  the 
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most  readily  available  source  of  successful  variation  in  all  organisms. 
Its  further  analysis  is  therefore  a  most  pressing  problem. 

If  single  genes  or  blocks  of  genes  are  freely  liable  to  reduplication 
within  the  haploid  set,  as  these  observations  suggest,  we  must 
suppose  that  characteristic  haploid  sets  wiU  probably  contain  a 
proportion,  perhaps  a  majority,  of  their  genes  represented  two, 
three  or  more  times.  The  gametic  set  of  an  autotetraploid  will 
have  all  its  genes  present  an  even  number  of  times  and  odd 
numbers  will  be  restored  to  it  by  mutation,  until  it  reaches  an 
allopolyploid  condition  which  will  not  be  distinguishable  from  that 
of  a  diploid. 

Haldane  (1932  a)  has  suggested  that  chromatin-diminution  in 
Ascaris  requires  localisation  of  certain  genes  ;  such  a  condition 
might  be  produced  by  the  extensive  reduplication  of  all  or  most  of 
the  genes  and  their  later  selective  elimination. 

This  conception  makes  the  occurrence  of  forms  with  different 
degrees  of  qualitative  differentiation  as  between  different  chromo- 
somes intelligible.  If  one  species  has  very  little  reduplication, 
all  its  chromosomes  must  be  differentiated  in  the  highest  degree 
compatible  with  random  assortment  of  the  genes  among  the 
chromosomes.  If  another  form  has  a  great  deal  of  reduplication 
with  most  of  its  genes  represented  six  or  a  dozen  times  it  will 
have  a  very  low  differentiation  with  the  same  random  assortment. 
Thus  it  is  not  necessary  to  assume  that  organisms  with  low 
differentiation  have  individual  genes  of  any  special  kind  but 
merely  that  they  are  reduplicated  more  frequently  either  at  one 
stroke  with  polyploidy,  or  segment  by  segment  with  structural 
change. 

4.  INERT  CHROMOSOMES  AND  GENES 
Individuals  of  many  species  of  plants  and  animals  have 
chromosomes  that  produce  no  specific  or  general  effect  on  their 
growth.  Such  chromosomes  are  said  to  be  inert.  They  do  nothing, 
and  can  therefore  be  lost  entirely  or  reduplicated  almost  without 
limit  and  the  organism  will  develop  in  just  the  normal  way.  They 
are  never  regularly  members  of  the  complement  in  the  species,  for 
since  they  can  be  lost  without  effect  they  frequently  are  lost. 
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Inert  chromosomes  arise,  so  far  as  we  can  judge,  as  small  "  frag- 
ments "  derived  from  the  breakage  of  larger  chromosomes.  Such 
are  the  supernumerary  chromosomes  of  Zea,  Tradescantia,  Fritillaria, 
Ranuncuhis,  Tulipa  and  Paspaliim  (Table  i6).  The  large  chromo- 
somes from  which  these  fragments  have  arisen  must  have  been 
inert  in  the  neighbourhood  of  the  centromere,  otherwise  the  new 
fragments  will  be  active  like  those  in  Matthiola  and  Solanum.  The 
small  chromosomes  of  Orthoptera  which  are  so  frequently  hetero- 
zygous for  deficiencies  are  probably  inert  in  part  (D.,  1936  h).  How 
chromosomes  that  are  partially  inert  could  have  developed  is  shown 
by  the  properties  of  Y  chromosomes  in  certain  animals  with  an 
advanced  degree  of  differentiation  of  sex  chromosomes  (Ch.  IX). 
This  chromosome  in  Drosophila  is  almost  entirely  inert  and  has 
concurrently  lost  the  property  of  mutation.  The  property  of 
inertness  is  probably  very  general  in  Y  chromosomes,  since  they 
vary  in  size  most  frequently  both  within  species  and  between  species. 
And  again  in  many  species  they  are  lost  altogether.  The  Y  chromo- 
some has  become  inert,  according  to  Muller  (1918)  because  crossing- 
over  is  effectively  abolished  in  it.  Probably,  as  we  shall  see  later, 
the  proximal  parts  of  the  other  chromosomes  in  Drosophila  are  also 
inert,  as  the}^  certainly  are  in  the  A^.  This  may  also  be  due  to 
absence  of  crossing-over  in  them  in  the  female  (of.  Mather,  1936). 
Whatever  the  cause,  their  inertness  is  significant  as  a  condition  of 
the  origin  of  inert  fragments.  It  is  apparently  as  fragments  of  the 
sex  chromosomes  that  inert  chromosomes  have  arisen  in  the 
Hemiptera,  since  such  inert  chromosomes  sometimes  pair  with  the 
A'  or  Y  in  Metapodius  (Wilson,  1909)  and  Alydus  (Renter,  1930). 

The  study  of  inert  chromosomes  has  been  greatly  advanced  by 
the  hypothesis  of  Heitz  (1929,  et  seq.)  that  the  differential  "  hetero- 
chromatin  "  is  always  inert.  Muller  and  Painter  (1932)  found  that 
the  proximal  third  of  the  A^  chromosome  in  Drosophila  melanogaster 
included  the  loci  of  none  of  the  genes  which  have  mutated.  Heitz 
(1933)  was  able  to  show  that  this  region  was  differential  in  behaviour 
at  mitosis,  thereby  substantiating  his  principle.  Similarly  he  was 
able  to  show  that  the  proximal  parts  of  the  autosomes  were 
differentially  condensed,  and  to  recognise  the  sex  chromosomes  of 
D.  funebris  for  the  first  time  by  their  behaviour  in  this  respect. 
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The  application  of  the  principle  is,  however,  less  simple  than  Heitz 
has  supposed.  The  distinction  between  "  heterochromatin  "  and 
"  euchromatin  "  is  not  an  absolute  one.  Lorbeer  (1934)  and  Tinney 
(1935)  disagree  as  to  whether  the  Y  chromosome  of  Sphcerocarpus 
is  inert,  and  as  we  have  seen,  chromosomes  in  different  tissues  of  the 
same  individual  differ  in  their  differential  behaviour  which  is 
physiologically  controlled.  Probably  in  such  an  intermediate 
position  is  the  X  chromosome  of  Sphcerocarpus  Donnellii,  which 
according  to  all  observers  is  differential  in  its  behaviour.  Yet  it 
is  not  by  any  means  inert.  Under  X-ray  treatment  it  produces 
mutations  as  frequently  as  all  the  autosomes  together,  and  when 
differential  parts  are  broken  off  and  lost  the  plant  is  changed  in 
different  ways  affecting  both  the  sexual  and  vegetative  characters 
(Knapp,  1935  a  and  h).  These  observations  do  not  destroy  Heitz's 
contention,  but  they  show  (what  is  equally  clear  from  the  cytological 
study  of  differential  behaviour)  that  the  differential  properties  of 
chromosomes,  or  even  perhaps  of  separate  chromomeres,  cannot  be 
described  in  terms  of  a  simple  all-or-nothing  reaction. 

Whether  the  distinction  between  active  and  inert  genes  is  an 
absolute  one  we  do  not  know.  Inertness  may  itself  be  physiologically 
controlled,  although  we  know  of  no  example  yet.  But  we  know 
well  enough  that  every  transition  occurs  between  an  active  chromo- 
some and  an  inactive  one.  The  change  presumably  takes  place 
gradually  by  mutation  to  inertness  of  separate  genes.  If  there  is, 
therefore,  a  sharp  distinction  in  behaviour  of  active  and  inert  genes 
such  a  distinction  will  not  always  be  found  between  chromosomes 
or  parts  of  chromosomes  at  different  stages  of  change,  and  we  shall 
have  such  gradual  variations  of  behaviour  as  make  for  the  observed 
complexity. 

Inert  chromosomes  are  thus  presumably  made  up  of  inert  genes. 
Since  the  existence  of  a  gene  in  the  first  instance  is  inferred  from 
its  action,  "  inert  gene  "  may  seem  to  be  a  contradiction  in  terms  ; 
nevertheless  it  represents  a  step  forward  ;  it  enables  us  to  see  what 
we  mean  by  a  gene  more  clearly  than  before.  Thus  the  active  gene 
generally  found  in  higher  organisms  must  have  two  properties, 
(i)  of  reaction  with  its  substrate,  by  which  it  creates  a  milieu  per- 
mitting reproduction  ;    and  (ii)  reproduction.     The  inert  gene  has 
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lost  the  capacity  for  reaction,  although  it  has  retained  the  secondary 
capacity  for  reproduction  which  is  conditioned  by  the  reactions  of 
the  other  genes  associated  with  it  in  the  complement  of  a  higher 
organism.  Now  the  capacity  for  reaction  cannot  have  been  born 
in  the  gene  after  the  capacity  for  reproduction.  It  must  rather 
have  been  born  first.  We  can  therefore  take  the  two  major  steps 
in  the  evolution  of  the  gene  to  be  : — 

reaction  -^  reaction  +  reproduction  -^  reproduction. 

We  also  learn  from  inert  genes  that  reaction  and  mutation  are 
bound  up  with  one  another,  for  inert  genes  have  lost  these  two 
properties  together.  Perhaps,  therefore,  natural  mutation  is  an 
abnormality  of  reaction.  This  assumption  agrees  with  the  observa- 
tions that  rates  of  mutation,  like  rates  of  reaction,  are  both  geno- 
typically  and  environmentally  controlled.  They  are  conditioned 
by  the  substrate. 

Muller  and  Gershenson  (1935)  take  a  different  view  of  the  change 
to  inertness.  But  however  the  change  takes  place  it  is  clearly 
irreversible.  W^e  might  therefore  expect  that  inert  genes  would 
be  found  very  generally  ;  the  widespread  occurrence  of  super- 
numerary fragments  indicates  that  thi  is  so,  and  that  inert  genes 
are  usually  concentrated  near  the  centromere.  In  this  position 
they  cannot  so  easily  be  got  rid  of,  and  this  is  a  possible  reason  why 
they  are  found  here.  We  may  say  that  they  are  clogging  the  genetic 
system  with  useless  but  inevitable  material.  On  the  other  hand,  it 
is  possible  that  they  are  preserved  near  the  centromere  when 
crossing-over  is  reduced  or  absent  in  this  part,  as  they  are  in  the  Y 
chromosome.  If  Heitz's  method  of  identif\dng  inert  genes  proves 
satisfactory  as  an  approximation  it  will  help  in  solving  this  problem. 

5.  THE  GENE 
We  are  now  in  a  position  to  enquire  more  closely  what  we  mean 
by  the  gene.  The  differences  between  organisms  are  found  to 
behave  in  crossing-over  as  though  they  had  a  linear  order.  They 
are  known  to  be  determined  by  changes  in  the  chromosomes. 
The  chromosomes  consist  of  particles,  the  chromomeres,  shown 
by  observation  to  be  arranged  in  linear  order.     Therefore  it  is 
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assumed  that  the  units  of  crossing-over  or  genes  are  such  particles. 
Moreover,  the  genes,  hke  the  chromomeres,  are  chemical  indi- 
viduals. The  genes  have  characteristic  properties  of  mutation, 
the  chromomeres  of  attraction.  We  still  do  not  know,  however, 
what  the  relation  may  be  between  the  differences  from  which  the 
gene  is  inferred  and  the  particles  that  are  observed.  We  know  that 
particles  having  a  linear  order  may  change  in  three  very  different 
ways  to  give  hereditary  differences. 

First,  they  change  externally  by  loss  or  reduplication  (inter- 
genic  change)  to  give  those  differences  in  proportion  that  are  known 
to  have  a  physiological  effect.  By  such  a  change  the  "  bar  "  gene 
difference  arises  in  Drosophila  (Sturtevant,  1925  ;  Bridges,  1936). 

Secondly,  they  must  be  supposed  to  change  internally  (intra- 
genic change)  to  give  those  differences  that  distinguish  the  different 
genes  within  the  hereditary  complement.  Differentiation  cannot 
have  arisen  merely  by  quantitative  change. 

Thirdly,  it  has  now  been  shown  beyond  doubt  that  differences 
arise  merely  by  changes  in  relative  position  of  genes.  This  position 
effect  must  depend  on  a  localisation  of  the  products  of  gene  action. 
It  is  responsible  for  two  bar  genes  in  one  chromosome  having  a 
different  effect  from  one  bar  gene  in  each  of  two  chromosomes 
(Sturtevant,  1925).  It  is  also  responsible  for  changes  occurring 
frequently  when  chromosomes  are  broken  and  their  parts  recombined 
in  a  new  way  (Muller  and  Prokofieva,  1934). 

Now  we  see  that  when  we  speak  of  a  gene  as  a  particle  whose 
changes  are  responsible  for  these  differences  we  may  not  always 
mean  the  same  thing.  And  this  difficulty  becomes  more  serious 
when  we  consider  that  the  gene  is  a  unit  of  crossing-over.  As  a 
rule,  the  unit  of  crossing-over  agrees  with  the  unit  of  mutation. 
But  this  is  not  always  so.  The  reason  is  clear.  A  structural  change 
such  as  inversion  will  suppress  crossing-over  at  the  same  time  that 
it  determines  a  genetic  difference  by  position  effect.  This  is 
perhaps  the  explanation  of  elongatus-vitellinus  crossing-over  in 
Lebistes  (Winge,  1934).  The  unit  of  crossing-over  is  therefore  liable 
to  be  increased  by  the  act  of  mutation.  The  old  criteria  of  genetic 
structure  therefore  require  re-examination. 

It  is  in  these  circumstances  that  Muller  and  his  collaborators 
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have  made  use  of  new  agents  of  analysis  :  the  combination  of 
X-ray  breakage  with  the  examination  of  the  results  both  pheno- 
typically  and  by  salivary  gland  study.  They  have  shown  that  the 
smallest  unit  of  X-ray  breakage  corresponds  with  the  smallest 
chromomeres  detectable  in  ultra-violet  light  (cf.  Ch.  X).  They 
have  also  shown  that  this  unit  is  smaller  than  the  unit  of  crossing- 
over  and  that  changes  inside  the  crossing-over  unit  are  sometimes 
due  to  structural  changes  which  have  a  position  effect.  What 
relation  there  may  be  between  this  classification  of  mutations  by 
their  chemical  causes  and  that  by  their  physiological  effects  (as 
classified  by  Muller,  1932)  is  not  yet  clear. 

These  conclusions,  along  with  some  others,  show  that  a  one-to- 
one  correspondence  of  particles  and  differences  can  no  longer  be 
assumed.  In  particular  they  make  it  impossible  to  express  all 
variation  in  terms  of  units  directly  derived  from  its  material  basis, 
the  genes.  Any  advance  in  the  theoretical  treatment  of  variation 
must  therefore  wait  on  a  more  exact  definition  of  the  mutual 
relationships  of  particles  and  changes. 

In  spite  of  the  complexity  of  these  relationships  we  can  assume 
without  hesitation  that  an  intra-molecular  and  therefore  intra- 
genic change  precedes  and  conditions  all  more  complicated  kinds 
of  change.  It  follows  that  intra-genic  change  must  inhibit  pairing 
of  the  differing  genes.  Thus  pairing  of  genes  may  be  prevented 
at  pachytene  by  either  of  the  two  changes  which  are  ordinarily 
described  genetically  :  intra-genic  change  will  prevent  pairing  of 
two  genes,  quantitative  change  will  prevent  pairing  of  a  larger  or 
smaller  group  of  genes  according  to  the  number  shifted  (which  may 
amount  to  the  whole  chromosome).  Therefore  quantitative  or 
structural  change  will  be  a  vastly  more  potent  means  of  preventing 
pairing,  and  the  failure  of  pairing  in  hybrids  may  be  taken  as  an 
indication  of  the  part  that  structural  dissimilarity  between  corre- 
sponding chromosomes  has  played  in  the  differentiation  of  their 
parents.  Further,  it  follows  that  allelomorphism  essentially 
depends  on  a  correspondence  of  position  in  the  chromosome  rather 
than  on  the  chemical  relationship  which  is  usually  associated 
with  such  a  correspondence. 
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CHAPTER  IX 

PERMANENT    HYBRIDS 

Permanent  Hybridity  and  Crossing-over — Complex  Heterozygotes — 
Inheritance  and  Mutation  in  (Enothera — Its  Chromosome  Basis — The 
Differential  Segments — Complex  Trisomies — The  Sex  Heterozygote — Pairing 
and  Segregation  of  Sex  Chromosomes — The  Haplo-Diploid  System — Sex 
Determination — Evolutionary  Changes. 

But  in  them  Natures  Coppie's  not  eterne. 

Shakespeare,  Macbeth  III.  (2). 

I.     PRIOR    CONDITIONS 

Two  kinds  of  heterozygote  exist  in  which  the  difference  between 
the  gametes  is  deeper  in  effect  than  that  shown  by  mendehan  and 
simple  structural  hybrids,  but  in  which  the  segregation  is  a  simple 
mendelian  one  :  the  difference  behaves  as  a  unit  and  only  two 
types  of  gamete  are  normally  produced.  These  properties  are 
correlated  with  permanence  ;  that  is  to  say,  the  heterozygous 
condition  is  the  property  of  the  whole  race  or  of  a  necessary  part 
of  it. 

The  first  type  is  the  "  complex  heterozygote,"  typically  seen 
in  many  (Enothera  species.  These  species  breed  true  to  their 
heterozygous  condition  owing  to  their  producing  only  two  kinds 
of  gamete  and  owing  to  the  homozygous  form  of  either  type  being 
in  viable. 

The  second  is  that  found  in  organisms  with  hereditary  sex 
determination  (Ch.  I).  In  these,  where  the  differentiation  of  the 
sexes  is  in  the  diploid  phase,  one  sex  is  homozygous  for  the  sex 
determinants,  the  other  heterozygous.  The  heterozygous  sex  can 
be  shown  genetically  to  produce  two  kinds  of  gametes,  one  the  same 
as  that  of  the  homozygous  sex,  the  other  different  ;  they  therefore 
give  the  opposite  sexes  on  fusing  with  the  one  kind  of  gamete 
j^roduced  by  the  homozygous  sex.    The  heterozygous  sex  may  be  the 
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Fig.  104. — Scheme  of  inheritance  in  complex  and  sex  heterozygotes 
showing  that  elimination  of  homozygotes  in  the  one  and  the  exigencies 
of  reproduction  in  the  other  secure  permanence  in  the  system. 

male  or  the  female.  Where,  on  the  other  hand,  differentiation  is  in  the 
haploid  phase ,  the  diploid  undifferentiated  generation  is  heterozygous 
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in  sex  determinants  and  gives  the  two  sexes  in  equal  numbers.  The 
heterozygous  condition  is  therefore  essential  for  differentiation  by 
genetic  segregation,  but  has  no  necessary  connection  with  one  sex 
or  the  other.  Whether  the  heterozygote  is  male,  female  or  asexual 
is  indifferent  to  the  origin  and  working  of  the  chromosome 
mechanism,  which  depends  on  the  genetic  reaction  of  the  original 
sex  factors  and  the  relative  importance  of  the  haploid  and  diploid 
generation.  It  is  therefore  convenient  in  considering  the  mechanism 
to  speak  of  sex  heterozygotes  rather  than  of  the  heterozygous  sex. 

As  in  the  complex  heterozygote,  so  in  the  sex  heterozygote,  the 
differences  (which  determine  sexual  differentiation)  behave  as  a 
unit  in  inheritance.  The  sex  heterozygote  differs  in  that  one  of  its 
zygotic  types  can  exist  in  a  condition  that  is  homozygous  so  far  as 
the  sex  differences  are  concerned  and  show  free  segregation  of  all 
differences  found  in  that  condition.  Permanence  is  secured  by  the 
complementary  functions  of  the  sexes  in  reproduction. 

The  two  types  of  heterozygote  have  in  common  the  two  properties 
of  permanence  and  unity  in  inheritance.  Clearly  the  permanence 
could  not  be  preserved  without  the  unity,  nor  could  differences 
more  complex  than  any  that  have  been  known  to  arise  singly 
have  developed  as  a  unit  except  through  an  accumulation  of 
changes  such  as  requires  permanence  in  the  system  accumulating 
them.  The  one  essential  for  these  combined  properties  is,  therefore, 
a  suppression  of  crossing-over  between  the  differences  that  are 
accumulated.  Now  crossing-over,  as  we  have  seen,  is  a  normal 
condition  of  metaphase  pairing  and  segregation  in  all  organisms. 
Crossing-over  is  also  a  condition  of  preserving  the  similarity  of 
homologous  chromosomes  in  species,  without  which  divergence 
sooner  or  later  is  bound  to  occur  and  pairing  of  any  kind  become 
impossible.  How  then  can  a  suppression  of  crossing-over  be 
brought  about  between  chromosomes  that  continue  to  pair  ? 
Clearly  there  is  only  one  means  :  a  separation  of  the  chromosomes 
concerned  into  two  parts,  one  part  which  is  similar  to  a  corre- 
sponding part  in  the  homologous  chromosome  and  pairs  with  it, 
another  part  which  does  not  pair  or  cross  over  and  contains  the 
differences  that  distinguish  the  two  chromosomes.  It  is  as  we  shall 
see  on  the  evolutionary  changes  in  the  relative  sizes  and  positions 
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of  these  two  parts,  the  pairing  segment  and  the  differential  segment, 
that  the  different  mechanisms  of  permanent  hybrids  depend. 

2.  COMPLEX  HETEROZYGOTES  :  CENOTHERA 
(i)  Inheritance  in  (Enothera.  A  complex  heterozygote  is  a  diploid 
organism  which  produces  two  types  of  gametes  differing  profoundly 
in  genetic  properties  and  incapable  of  giving  homozygous  offspring. 
It  breeds  true  primarily  by  virtue  of  the  elimination  of  the 
homozygous  embryos. 

The  determination  of  these  properties  by  Renner  depended  on 
his  genetic  analysis  of  a  group  of  (Enothera  species.  The  notion  of 
the  complex  heterozygote,  however,  is  important  not  only  in 
relation  to  the  special  genetic  properties  of  these  species  and  of  other 
species  and  hybrids  which  aie  now  being  found  to  resemble  them, 
but  also  in  relation  to  their  analogy  with  other  permanent  hybrids 
— sex  heterozygotes  and  allopolyploids — and  to  the  general  problems 
of  variation  and  hybridity. 

Inheritance  and  chromosome  behaviour  are  of  such  a  special 
type  in  Ginothera  and  so  closely  related  that,  in  order  to  show  how 
they  differ  from  the  normal  pattern,  we  must  consider  them  together. 
The  complex-heterozygote  Oenothera  species  probably  share  the 
same  hereditary  properties  with  Hypericum  punctatum  and  Rhceo 
discolor  with  which  they  also  share  the  property  of  having  permanent 
multiple  rings  (Ch.  V).  The  following  hereditary  properties  have 
been  determined  in  Oenothera  : — 

1.  They  breed  true  in  the  main  when  self- fertilised,  but  throw  a 
certain  proportion  (i  to  2  per  cent,  as  a  rule)  of  divergent  forms. 
These  were  the  mutants  of  De  Vries.  Most  of  the  mutant  forms 
have  since  been  found  to  be  trisomic  or  tetraploid  (cf.  Ch.  Ill), 
and  differ  primarily  from  the  same  kinds  of  mutants  in  other 
species  only  in  the  high  frequency  with  which  they  appear.  Others, 
however,  are  diploid,  and  do  not  revert  to  the  parental  form  in 
later  generations. 

2.  They  have  a  variable  proportion  (usually  30  to  60  per  cent.)  of 
bad  seeds  in  which  the  embryo  has  developed  little  or  not  at  all 
(Renner,  1916,"  cf.  1929). 

3.  When  crossed  together  they  usually  produce  more  than  one 
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type  of  hybrid,  and  reciprocal  crosses  may  be  of  different  types  or 
the  same  types  in  different  proportions. 

4.  Some  of  the  diploid  mutants  (e.g.,  CE.  nihrinervis  from  CE. 
Lamarckiana,  De  Vries,  1918)  and  crosses  [e.g.,  CE.  grandiflora  x 
CE.  Hookeri,  Cleland  and  Oehlkers,  1929)  yield  on  self-fertilisation 
a  much  higher  proportion  of  new  forms  than  their  parents  did  ; 
others  resemble  their  parents  in  hereditary  properties,  and  others 
again  resemble  the  Californian  species,  CE.  Hookeri,  in  being 
absolutely  true-breeding  and  fertile  :  they  have  entirely  lost  their 
parents'  exceptional  properties. 

The  special  system  of  inheritance  found  in  GEnothera  can  be 
expressed  and  understood  in  mendelian  terms  if  we  accept  the 
complex-heterozygote  hypothesis  of  Renner  (1917,  cf.  1925)  and  the 
balanced-lethal  hypothesis  of  Muller  (1918).  The  first  assumes  that 
each  of  the  mutating  species  of  CEnothera  is  a  hybrid  that  produces 
two  kinds  of  gametes.  These  gametes  have  genetic  complexes  which 
are  distinguished  by  differences  more  profound  that  those  that  are 
inherited  in  a  mendelian  way  in  other  organisms.  They  affect  the 
whole  habit  and  structure  of  the  plant,  although  they  behave  as  a 
unit  in  inheritance.  In  these  respects  they  resemble  the  sex 
difference  in  animals. 

The  second  hypothesis  assumes  that  gametes  of  neither  complex 
can  yield  viable  homozygotes.  Each  complex  is  "  lethal  "  in 
combination  with  an  identical  complex.  In  terms  of  Muller 's 
observations  on  Drosophila  (1917,  cf.  1918),  it  may  be  said  that  each 
complex  of  factors  is  linked  with  a  recessive  lethal  factor  with  no 
crossing-over  between  them,  so  that  the  heterozygote  for  two 
complexes  is  viable  and  breeds  true.  The  whole  system  can  then 
be  described  as  depending  on  a  "  balanced  lethal  "  mechanism 
(Fig.  104). 

A  third  assumption  can  then  be  made,  that  dissociation  through 
crossing-over  occasionally  takes  place  (a)  between  a  complex  and  its 
lethal  factors,  and  (b)  between  two  parts  of  a  complex.  The  first  of 
these  changes  will  permit  the  segregation  of  complete  homozygotes  ; 
the  second  will  result  in  the  segregation  of  plants  homozygous  for 
part  of  the  complex.    The  segregates  will  be  mutants. 

Further  observations  of  Renner's  (1919,  «  and  b,  1921)  explain 
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differences  in  the  behaviour  of  different  species.  He  found  that  the 
two  kinds  of  pollen  grains  produced  by  a  heterozygote  could  often 
be  distinguished  by  their  size  and  the  shape  of  their  starch  grains. 
Often  one  kind  was  entirely  inactive,  or,  owing  to  its  smallness, 
relatively  feeble  in  growth.  Again,  in  some  species  he  found  that, 
instead  of  the  megaspore  at  the  top  (micropylar)  end  of  the  row 
of  four,  formed  in  maturation,  always  giving  the  functional  embryo- 
sac  as  it  does  in  a  homozygous  species  such  as  CE.  Hookeri,  the 
megaspore  at  the  other  end  often  pushed  its  way  round  the  upper 
three  and  usurped  the  position  of  the  micropylar  megaspore. 
This  competition  is  known  as  the  "  Renner  effect."  Now,  if  the 
first  division  of  the  mother-cell  is  the  reduction  division  which 
separates  the  two  complexes,  it  will  be  seen  that  this  competition 
between  top  and  bottom  cells  is  in  effect  a  struggle  for  predominance 
between  the  two  complexes.  Where  half  the  embryo-sacs  are 
formed  from  the  micropylar  cell  and  half  from  the  chalazal  cell  it 
is  natural  to  suppose  that  they  are  all  of  one  complex  type  which 
has  passed  equally  often  to  the  top  and  bottom  pole  at  the  first 
division.  The  genetic  results  agree  with  these  conclusions.  (E. 
muricata,  which  has  half  its  pollen  inactive  and  half  its  potential 
embryo-sacs  overridden  in  competition,  produces  functional  pollen 
of  only  one  kind,  with  the  curvans  complex,  and  functional  embryo- 
sacs  almost  all  of  the  other  kind,  with  the  rigens  complex.  Hence, 
when  this  species  is  crossed  with  a  homozygous  species  such  as 
(E.  Hookeri  reciprocal  hybrids  differ,  one  being  a  curvans  hybrid, 
the  other  a  rigens  hybrid  (Table  54).  Such  a  species  as  this  can 
breed  true  and  with  scarcely  any  loss  of  fertility,  although  it  must 
be  heterozygous  in  the  same  degree  as  many  interspecific  hybrids. 

The  assumption  of  the  Renner  complex,  therefore,  enables  us  to 
describe  the  phenomena  of  inheritance  and  variation  in  (Enothera 
in  mendelian  terms,  and  as  an  independent  description  it  is  un- 
assailable. But  now  its  mechanism  has  been  analysed  by  the  study 
of  the  behaviour  of  the  chromosomes  in  the  hybrid  species.  This 
shows  its  relationship  with  other  systems  and  helps  us  in  explaining 
them. 

(ii)  Ring-formation  in  CEnothera.  Cleland  (1922  et  sqq),  first 
showed  that  the  association  of  the  chromosomes  at  meiosis  has 
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certain  constant  characters  in  each  species.  He  found  the  14 
chromosomes  in  a  diploid  (Enothera  were  always  associated  at 
diakinesis  and  metaphase  end-to-end  in  rings  of  two,  four,  six  or 
other  even  numbers,  up  to  fourteen.  The  size  and  number  of  the 
rings  were  constant  for  each  species,  except  that  occasionally  a  chain 
or  two  chains  might  replace  a  ring  ;  just  as  with  the  simple  pairs 
which  usually  form  rings  in  other  organisms  with  median  centro- 


FiG.  105. — First  meiotic  division  in  (Enothera  muricata  with  a  ring  of 
fourteen  chromosomes.  Above,  at  diakinesis  (showing  the  self- 
interlocking  of  the  ring,  cf.  Ch.  VII).  Below,  at  first  metaphase 
(showing  a  dis junctional  arrangement  which  gives  regular 
segregation  of  the  two  complexes).     X  4000  (from  D.,  1931  c). 

meres  and  complete  terminalisation  [cf.  Catcheside,  1933),  a  rod  is 
formed  owing  to  the  failure  of  one  of  the  two  chiasmata. 

The  same  constancy  is  found  in  the  hybrids  and  mutants  as  well, 
and  Tables  54  and  55  show  some  of  the  results  that  have  been 
obtained. 

Cleland  found  that  the  ring  of  chromosomes  usually  arranges  itself 
so  that  adjoining  chromosomes  go  to  opposite  poles  (Fig.  loi).  He 
assumed  that  the  chromosomes  had  a  fixed  position  in  the  ring,  so 
that  in  a  ring  of  fourteen,  each  of  the  seven  chromosomes  of  one 
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parental  gamete  paired  at  opposite  ends  with  ends  of  two 
chromosomes  from  the  other  gamete.  In  this  way  segregation 
would  yield  onl}^  two  types  of  gamete,  and  these  two  types  would 
be  the  same  as  those  that  had  gone  to  make  up  the  parent  zygote. 
He  also  assumed  that  the  type  of  configuration  was  a  specific 
property  of  the  two  complexes  of  each  species  or  hybrid  m  relation 
to  07ie  another. 

This  conclusion  has  been  borne  out  by  the  extensive  observations 
of  recent  years.  All  the  complex  heterozygote  species  have 
multiple  chromosome  rings.  The  homozygous  forms,  whether 
species  or  segregates,  have  seven  pairs,  or  occasionally  live  pairs 
and  a  ring  of  four. 

These  observations  showed  the  mechanism  by  which  the 
segregation  of  complexes  takes  place.  They  showed  the  consequence 
of  the  chromosomes  associating  in  rings,  but  owing  to  some  confusion 
at  this  time  in  the  interpretation  of  chromosome  pairing  and  of 
meiosis  in  general,  they  did  not  at  once  reveal  how  the  formation 
of  rings  and  the  inheritance  of  complexes  came  about  and  what  it 
meant  in  genetic  terms.  In  the  light  of  later  studies  of  the  mechanism 
of  chromosome  pairing  it  became  clear,  however,  that  these  large 
multiple  rings  were  derived  by  normal  processes  from  numerous 
interchanges,  just  as  the  smaller  rings  described  in  simpler  structural 
hybrids  are  derived  from  one  or  two  interchanges.  As  a  result  of 
six  interchanges  a  ring  of  fourteen  could  be  built  up  by  association 
ot  all  the  interchanged  segments,  the  formation  of  chiasmata  in 
them  and  their  later  complete  terminalisation  (D.,  1929,  1931  d). 

Since  the  chromosomes  are  associated  only  at  their  ends,  it  is 
necessary,  in  considering  their  pairing  properties,  to  regard  them 
as  made  up  merely  of  two  "  segments  "  which  are  effective  in 
pairing.  In  this  way  a  homozygous  (Enothera  with  seven  pairs  of 
chromosomes  at  meiosis  has  a  constitution  as  follows  (homologous 
segments  bearing  the  same  letters)  : 

7(2)  (AB     (CD     (EF     [GH     [KL     [MN     [OP 

AB)     CD)     EF)     GH)     KL)     MN)     OP) 

while  a  complex  heterozygote  with  a  ring  of  14  chromosomes  is 
made  up  as  follows  : 
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(14)     {AB         CD        EF        GH        KL        MN        OP 

\/     \/     \/     \/     \/      \/     \ 
BC        DE        FG        HK        LM        NO        PA) 

It  is  supposed  that  this  arrangement  of  segments  arose  as  a  result 
of  successive  interchange  in  the  ancestry  of  the  plant,  as  had  been 
inferred  in  trisomies  in  Datura  (BelUng,  1927).  Thus  an 
ancestor  with  simple  pairs,  such  as  that  given,  would  by  interchange 
between  B  and  D  give  new  chromosomes  BC  and  DA,  which  would 
form  a  ring  of  four  with  the  parental  type,  as  follows  : 

(4)  +  5(2)   {AB        CD  {EF       {GH       {KL       {MN       {OP 

\  /     \ 
BC         DA)      EF)       GH)       KL)       MN)       OP) 

This  h3^pothesis  explains  the  constancy  of  the  behaviour  of  the 
species,  both  in  heredity  and  in  chromosome  association,  for  each  of 
the  complexes  is  made  up  in  a  specific  and  constant  arrangement. 
The  dissimilarity  of  the  complexes  is  correlated  with  the  dissimilarity 
in  the  arrangement  of  the  segments  in  the  two  kinds  of  gametes 
produced  by  each  species.  Just  as  each  plant  is  the  result  of  the 
fusion  of  two  complexes,  so  also  is  it  the  result  of  the  fusion  of 
gametes  differing  in  respect  of  the  arrangement  of  segments  in  such 
a  way  as  to  give  the  chromosome  ring  characteristic  of  the  species. 
It  is  a  structural  hybrid. 

The  hypothesis  also  explains  their  behaviour  on  hybridisation, 
for  Cleland  and  Blakeslee  (1930)  have  been  able  to  predict  from  the 
configurations  seen  in  crosses  of  two  species  with  a  third  what 
configurations  would  be  found  in  a  cross  between  the  first  two. 
Their  predictions  were  verified. 

Let  us  consider  the  way  in  which  interchange  will  give  rise  to 
ring-formation  and  complex-inheritance  in  nature. 

Interchange  will  always  lead  to  the  production  of  interchange 
heterozygotes  in  the  first  generation  just  as  gene  mutation  leads  to 
the  production  of  mendelian  heterozygotes.  These  wiU  segregate 
homozygous  new  and  old  forms  in  the  next  generation  unless  the 
interchange  is  associated  with  the  production  of  a  lethal  type. 
Jn  the  latter  case  a  permanent  interchange  heterozygote  will  arise 
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directly.  In  the  former  case  the  permanent  heterozygote  will 
appear  only  following  hybridisation  and  after  an  interval  during 
which  changes  have  taken  place  that  are  necessary  to  make  the 
segregation  of  homozygotes  from  the  hybrid  impossible  or  difficult. 
The  steps  in  this  indirect  process  of  origin  are  shown  in  Campanula 
(Gairdner  and  D.,  1931  and  unpub.)  where  crosses  between 
structurally  different  forms  give  rings  of  six,  eight  and  ten,  which 
yield  a  high  proportion  of  their  like  when  selfed.  Probably  both 
the  direct  and  the  indirect  method  have  played  some  part  in  the 
origin  of  the  complex  heterozygote  species  of  CEnothera, 


Table  54 
Summary  of  Ring-forming  Properties  in  Forms  of  CEnothera  * 


I.  Species. 

Species 

Heterozygotes  : — 
CE.  grandiflora    . 
Cockerelli 
strigosa 
muricata 
suaveolens 
Lamarckiana 
biennis 

Homozygotes  : 
CE.  jranciscana   . 
Hookeri 
piirpurata 


Complex  constitution 

acuens .  truncans 
curtans .  elongans 
deprimens .  stringens 
curvans.rigens 
Havens .  albicans 
velans.gaudens 
rubens.  albicans 


''franciscana .  ''franciscana 
''Hookeri . ''Hookeri 
''purpurata .  ''purpurata 


2.  Hybrids  between  Heterozygotes. 
Heterozygotes  : 

(E.  Lamarckiana  X 

strigosa. 
(and  reciprocally) 


CE.  Lamarckiana  x 

suaveolens. 
(and  reciprocally) 

CE.  suaveolens  X 
strigosa. 


(i)  velans. stringens  . 
(ii)  gaudens. stringens 
(iii)  deprimens. velans 
(iv)  deprimens. gaudens 
(i)  velans. flavens 
(ii)  gaudens. flavens    . 
(iii)  albicans. velans     . 
(iv)   albicans. gaudens 
(i)  flavens .  stringens 
(ii)   albicans .  stringens 
(iii)  deprimens .  flavens 
(iv)   albicans. deprimens 


Configuration 

(14) 

(14) 

(14) 

(M) 
(12)  +  (2) 
(12)  +  (2) 
(8)  H-  (6) 

7(2) 

7(2) 

7(2) 


(6)  +  (4)  +  2  (2) 

(14) 

(10)  +  2  (2) 

(10)  +  2  (2) 

2  (4)  +  3  (2) 

(12)  +  (2) 

(14) 

(8)  +  (6) 

(4)  +  5  (2) 

(12)  +  (2) 

(12)  +  (2) 

(not  obtained) 


*  From  D.,  1931  d  ;   Catcheside,  1933  ;   Cleland,  i935- 
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3.  Hybrids  between  Homozygotes  and  Heterozygotes. 

Species  Complex  constitution 

Heterozygotes  : 

CE.  muricata  X  rigens^Hookeri 

Hookeri. 
CE,  Hookeri  X  ^Hookeri .  curvans 

muricata. 

4.  Hybrids  between  Homozygotes. 
Heterozygotes  : 

CE.  deserens  X  subvelans.''blandina   , 

hlandina. 
CE.  deserens  X  subvelans.''purpurata 

purpurata. 
CE.  hlandina  X  '•blandina. ''purpurata 

purpurata. 


5.  Derivatives  of  Hybrids. 


CE.  lute  seen  s 

(ex  suaveolens  X 

biennis) . 
CE.  suaveolens  x 

pachycarpa.     F^ 
P. 

6.  Mutants  (v.  infra). 
CE.  rubrinervis 

(ex  Lamarckiana) 
CE.  deserens 

(ex  rubrinervis) . 
CE.  ochracea 

(ex  grandiflora). 


let.flavens .  *^flavens 


Configuration 

(6)  +  4  (2) 
(6)  +  (8) 

(6)  +4(0 
(4)  +  5  (^) 
(4)  +  5  (2) 

7(2) 


subvelans .  paenevelans 
subvelans.subvelans  . 
acuens . acuens 


(6)  4-  (4)  +  2 
(6)  +  4  (2) 

(2) 

(6)  +  4  (2) 

7(2) 

7(2) 

(iii)  Diploid  Mutations.  Further,  the  hypothesis  explains  the 
origin  of  the  diploid  mutations.  Most  of  these  have  changed 
chromosome  configurations  as  the  result  of  further  segmental 
interchange.  Two  kinds  of  interchange  are  probably  most  important 
(D.,  1931  d)  :  first,  interchange  between  chromosomes  of  opposite 
complexes  and,  secondly,  interchange  between  chromosomes  of  the 
same  complex  (Fig.  108). 

As  an  example  of  the  first  we  can  consider  the  so-called  "  half- 
mutants  "  oiCE.  Lamarckiana.  This  species  is  a  heterozygote  made 
up  of  two  complexes,  velans  and  gaudens.  It  has  a  ring  of  twelve 
and  one  pair  at  meiosis.     Take  its  composition  to  be  as  follows  : 


velans        {A^^B        C^D 


gaudens 


\/  \ 


Bf 


D.E 


E^F        GJi        K„L        M„N         {OP 

'     \  /      \  /      \  /     \ 

Ffi        H^        LM      N^4)  OP) 
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(Each  chromosome  is  given  the  initial  letter  of  its  complex  in 
the  middle  to  distinguish  it. 

The  exchange  of  segment  A  oi  A^B  with  segment  G  of  F^Gwill 


B     b 


^0 


66  (^6  09  QH 


D 


C      i\      P 

MIL  !_LLL 


AbB-BxC-Cfe-£fF-FxD-Dl)A- 


AB-  BC-CE-  EG  -GH-HF-  FD-  DA 


Fig.  106. — Pachytene  diagrams  of  pairing  in  (i)  a  homozygote  ; 
(2)  a  simple  interchange  heterozygote  with  interstitial  segments 
b  and  d  ;  (3)  a  double  interchange  heterozygote  with  differential 
segment  x  ;  (4)  and  (5)  triple  interchange  heterozygotes  showing 
two  ways  in  which  the  differential  segments  may  develop. 
(D.,  1936  rt-) 

give  two  new  chromosome  types  G^^B  and  F^A,  and  a  new  kind  of 
segregation  giving  a  gamete  containing  all  the  necessary  14  segments 
arranged  as  follows  : 

stihvelans      Bf,  DE,  FA ,  G^H,  K^L,  MJSl,  OP. 
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This  will  unite  with  an  unchanged  velans  gamete  to  give  a  ring  of 
six  and  four  pairs,  as  follows  : 

velans       {A^B       Cfi      E^F  [G.H      {KJ.       {M^N       (OP 

\/    \/     \ 

subvelans        Bf      Dfi        F^A)     G^H)       K^L)       M^.N)      OP) 


Fig.  107. — Left,  three  metaphase  configurations  derived  from 
Fig.  106  (2)  ;  chiasma  formation  in  the  interstitial  segment 
gives  chromatid  non-disjunction  always.  Right,  metaphase 
configurations  derived  from  Fig.  106  (3).  Below,  chiasma  . 
formation  in  the  differential  may  give  chromatid  non-disjunction 
of  the  cross-over  or  of  the  old  chromatids.     (D.,  1936  a.) 

Such  is  the  configuration  found  in  the  so-called  "  half-mutant  " 
rubrinervts,  which  appears  in  the  selfed  progeny  of  CEnothera 
Lamarckiana  once  in  a  thousand  seedlings. 

Moreover,  it  will  be  seen  that  the  mutant,  on  this   hypothesis 
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should  consist  of  two  complexes,  one  unchanged  velans,  the  other  a 
mixture  of  velans  and  gaudens.  This  is  in  agreement  with  the 
conclusions  of  the  geneticist  [cf.  Hoeppener  and  Renner,  1929)  who 
describes  the  two  as  "  pcenevelans  "  and  "  subpelans."  Pcenevelans 
is  the  velans  complex  derived  normally  from  Lamar ckiana  ;  the 
slight  difference  it  shows  in  later  generations  from  the  velans  of  the 
parental  form  is  probably  due  to  crossing-over  in  the  half-mutant 
with  suhvelans.  This  mutant  yields  one-quarter  bad  seeds,  one-half 
seedlings  like  itself  with  the  same  chromosome  configuration,  and 
one-quarter  suhvelans.  suhvelans,  which  is  the  "  full -mutant  " 
CE.  deserens.  This  form,  being  homozygous,  has  seven  pairs  of 
chromosomes  (7(2)  )  at  meiosis.  It  arises,  we  may  say,  because 
suhvelans  no  longer  includes  the  chromosomes  with  the  lethal  factors 
of  velans.  Emerson  (1936)  has  described  genetical  evidence  of  the 
same  kind  of  process  in  CE.  pratincola. 

Segmental  interchange  between  chromosomes  of  the  same 
complex  will  have  a  different  result,  for  the  seedlings,  whose  parental 
gametes  have  suffered  the  change,  will  not  differ  in  appearance  from 
their  parents,  but  their  chromosomes  will  pair  differently.  Where 
the  parents  had  a  ring  of  14  chromosomes  the  seedlings  will  have 
two  rings,  (12)  +  (2)  or  (10)  +  (4)  or  (8)  -f  (6).  Now  the  rule  that 
plants  with  the  multiple  ring  breed  true  to  this  character  need  not 
apply  equally  to  the  small  rings  derived  from  it.  CE.  hiennis 
( (8)  -f-  (6) )  breeds  true  because,  presumably,  each  ring  is  preserved 
by  its  lethal  system  ;  but  where  one  ring  is  broken  into  two  by 
interchange  each  half  will  not  necessarily  have  its  lethal  system.  A 
new  ring  of  four  chromosomes  in  a  plant  from  two  gametes,  one  of 
them  with  chromosomes  AB  and  CD  the  other  with  chromosomes 
BC  and  DA,  may  yield  homozygous  progeny  either  of  the  type 
AB-AB,  CD-CD  or  the  type  BC-BC,  DA-DA  if  either  of  these  is 
viable  [i.e.,  has  no  factors  lethal  in  the  homozygous  condition). 
Hence  a  plant  whose  parental  gametes  have  undergone  interchange 
between  chromosomes  of  the  same  complex  may  be  expected  to 
yield  progeny  homozygous  in  regard  to  the  members  of  one  of  the 
small  derived  rings  in  high  proportions  by  a  process  which  is 
essentially  one  of  mendelian  segregation.  Such  is  a  possible 
explanation  of  the  origin  of  '*  mass-mutation  "  in  CE.  Reynoldsii 
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(Kulkarni,  1929  ;  Bartlett,  1915  ;  D.,  1931  c),  but  the  chromosome 
constitution  of  the  mutants  has  not  yet  been  described. 


Table  55 

The  Numbers  of  Species,  Hybrids  and  Mutants  in  CEnothera  having 
Different  Types  of  Configuration  compared  with  their  Frequency 
if  Segments  were  assorted  at  Random  (after  Haldane,  in  D., 
1931  d). 


Relative 
random 
frequency 
(Total 
Possi- 
bilities, 
Xi35,i35). 

Observed  Frequency. 

Configuration  type. 

Species. 

"Mutants" 

or 
segregates 
of  species. 

"  Hybrids  " 

Derivatives 

or 
segregates 
of  hybrids. 

Totals. 

I 

2 

3 

4 
5 
6 

7 
8 

9 

ID 
II 
12 
13 
14 
15 

(14) 

(12)   +   (2)            . 

(10)    +   (4)            . 

(8)  +  (6)         . 

(8)  +  (4) +  (2) 
(10)  +  2(2)  . 
2(6)  +  (2)         . 

(6)  +2(4)       . 

(6)  +  (4) +2  (2) 

(8)  +  3(2)  . 
3(4)  +  (2)  . 
2(4)  +  3(2)       . 

(6)  +  4(2)       . 

(4)  +  5(2)  . 
7(2) 

23,040 

13,040 

8,064 

6,720 

5,040 

4.032 

2,240 

1,680 

1,680 

840 

420 

210 

140 

21 

I 

12 
5 

2 

I 
4 

4 

3 

I 
6 

15 
16 

5 

2 

I 

II 

I 

3 
I 

3 
5 

8 

3 

I 
I 

2 
4 

27 
21 

5 
4 
I 
II 
0 
I 

4 
6 
0 

3 
10 
10 

17 

Totals 

67.568 

24 

14 

74 

8 

120 

(iv)  The  Differential  Segments.  In  order  to  examine  these 
assumptions,  it  is  necessary  first  to  consider  the  conditions  under 
which  the  chromosomes  come  to  associate  in  rings  during  the 
prophase  of  meiosis  in  CEnothera.  Recent  evidence  (Catcheside, 
1931,  1932)  shows  that  they  are  the  same  as  in  other  interchange 
heterozygotes  (Ch.  V).  Segments  pair  with  their  homologues  so  far 
as  they  correspond  ;  where  the  correspondence  ceases  they  change 
partners  (McCHntock  in  Zea,  1931  ;  cf.  D.,  1931  d).  Chiasmata 
are  formed  in  the  paired  segments,  and  these  are  terminaUsed  (cf. 
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Gairdner  and  D.,  193 1),  in  Campanula  persicifolia.  In  polyploid 
Oenothera  there  are  therefore  multiple  chiasmata,  as  in  Tradescantia, 
Rosa,  and  Primula  (Catcheside,  1933). 

The  question  now  arises,  if  chiasmata  are  formed,  and  crossing- 
over  therefore  occurs  between  each  pair  of  segments  :  where  are 
the  differences  situated  which  constitute  the  complexes  and  between 
which  no  crossing-over,  and  therefore  no  pairing,  occurs  ?  Clearly 
they  must  lie  in  the  neighbourhood  of  the  centromere,  for  all  associa- 
tion must  take  place  distally  to  them  if  they  are  not  first  to  arrest 
terminaHsation  and,  secondly,  to  cross-over  to  opposite  chromo- 
somes, in  a  word  there  must   be    proximal   differential   segments 

(D.,  1931). 

It  has  now  been  found  cytologically  that  whenever  a  pair  of 
chromosomes  suffers  two  interchanges  these  never  coincide  with 
one  another  or  with  the  centromere  (Ch.  V).  The  first  result  of 
this  property  is  that  in  a  ring  of  four  chromosomes  there  will 
necessarily  be  an  interstitial  segment  lying  between  the  point  of 
interchange  and  the  centromere  in  each  chromosome.  In  such  a 
ring  crossing-over  can  occur  between  the  interstitial  segments 
(Fig.  107,  Sutton,  1936).  But  when  it  occurs  half  the  chromatids 
produced,  with  either  of  the  possible  segregations  of  the  four 
chromatids,  will  be  non-disjunctional.  There  will  be  what  Sansome 
(1933)  describes  as  "  chromatid  non-disjunction."  This  dis- 
advantage, together  with  the  failure  of  normal  pairing  seen  near 
the  change  of  partner  at  pachytene  by  McClintock  (1933),  will 
reduce  the  amount  of  crossing-over,  i.e.,  strengthen  the  linkage  of 
genes  in  these  interstitial  segments  with  the  centromeres  which 
pass  to  opposite  poles  in  the  two  pairs  of  chromosomes. 

When  rings  larger  than  four  arise  from  successive  interchanges 
another  special  segmental  property  will  appear  :  differential  seg- 
ments in  two  chromosomes  will  lie  between  terminal  pairing  segments 
which  do  not  continue  their  homologies  (D.,  1931,  1933  ;  Sansome, 
1932).  These  segments  may  include  the  centromeres  or  not  (Fig. 
106).  So  long  as  the  type  is  preserved,  crossing-over  is  suppressed 
in  these  segments.  Any  differences  arising  in  differential  segments 
in  opposite  sets,  whether  by  gene  mutation  or  by  further  structural 
change,  will  therefore  belong  to  a  complex  inherited  as  a  unit. 
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Any  crossing-over  between  differential  segments  will  result  in 
reverse  interchange  of  the  kind  found  in  (Enothera  and  Pisiim  and 
hence  in  the  mutations  described. 

Cytological  observations  on  (Enothera  show  that  the  segmental 
interchange  which  is  responsible  for  regular  mutation  occurs  by 
crossing-over  in  this  way.  Ring-forming  plants  occasionally  have 
chiasmata  formed  interstitially  between  chromosomes  which  do  not 
associate  terminally  in  the  ring.  These  chiasmata  remain  interstitial 
and  are  seen  at  metaphase.  Evidently  there  are  differential 
segments  in  the  middle  of  the  ring-forming  chromosomes  which  do 
not  follow  the  homologies  of  the  ends  (Fig.  108).  Crossing-over 
between  them  at  the  chiasmata  gives  new  segmental  interchange 
as  required  by  the  theory  of  the  origin  of  half-mutants  set  out  above. 
Like  all  secondary  structural  changes,  being  due  to  crossing-over, 
it  occurs  at  a  specific  place  with  a  specific  frequency  and  with 
specific  results. 

We  now  see  that  the  existence  of  three  kinds  of  segments,  pairing 
segments,  interstitial  segments  and  differential  segments  in  large 
rings  expected  a  priori  from  simple  interchange  and  established  by 
direct  cytological  study  accounts  for  (i)  the  existence  of  complexes 
located  in  the  differential  segments  ;  (ii)  the  mutation  resulting 
from  exceptional  crossing-over  between  the  differential  segments 
(D.,  1936  a)  ;  (iii)  the  occurrence  of  rare  crossing-over  between 
genes  characteristically  associated  with  them  (Renner,  1933)  and 
lying  in  the  interstitial  segments  or  in  the  pairing  segments  very 
close  to  them.  Diploid  mutations  not  involving  segmental  inter- 
change are  due  to  this  last  type  of  crossing-over.  This  may  take 
one  of  two  forms.  Either  particular  genes  in  respect  of  which  the 
species  has  been  heterozygous  may  cross  over  exceptionally  and 
yield  a  homozygous  segregate.  Or  the  genes  which  cross  over  may 
be  lethal  genes  and  their  allelomorphs.  In  this  case  one  of  the  two 
complexes  of  a  heterozygote  emerges  in  a  homozygous  form.  Thus 
the  mutant  ochracea,  7  (2),  appears  spontaneously  from  (E.  grandi- 
flora,  (14),  (De  Vries,  1918),  and  the  mutant  lutescens  after 
hybridisation  from  (E.  suaveolens  (Renner,  1927).  Both  can  be 
understood  as  a  result  of  exceptional  crossing-over  in  the  interstitial 
segments,  so  that  lethal  combinations  are  replaced  by  non-lethal. 


Chai/i   <?/*  f^ur/'eej7   C/iro/77^S(?/nes  in    Oenot/tera. 


The  Occurrence  ^/  S eg  me/1/3/  /n/'ercAa/i^e  ie/ieee/j:' 


(i)  IVonCbrresponcltn^  Se/zne/r/s  ofO/sposite       (ii)  Corresponding  Se^/rienh 
Complexes  Oagii/e  Aa/fmutsn^s  in  Oe.  ^^^^^  ^^'^^  Chmp/ex {^0  ^ii^e 

lamarck/ana.)  ^^-^^  mutants  in  Oe./^ei^nMu) 


(Hi)  Corresponding  Se^men/'s  o^  (ivj/^on- Corresponding  Sej^enh 

Opposite  Comp/exes  (neio  comhinahon     o/Me  Same  Co/np/ex  (to gii/e 
non  'dis/u/tcAo/ta/.J  change  of  pairing  /t/pem  Oe. 

pratinco/a.) 

Fig.  108. — Diagram  showing  normal  and  anomalous  pairing  of 
chromosomes  seen  and  inferred  in  complex-heterozygote 
CEnothera  with  rings  of  various  sizes.  Segmental  interchange 
is  due  to  crossing-over  in  differential  segments.  The  first  two 
types  will  yield  mutant  gametes.  The  third  type  will  give  no 
viable  mutant  and  the  fourth  type  will  give  a  gamete  having  the 
same  properties  vis-a-vis  its  normal  partner  but  changed 
properties  vis-a-vis  others.      (C/.  D.,  193 1  d.) 
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This  occurs  in  (E.  grandiflora  normally  ;  in  CE.  suaveolens  only  when 
the  flavens  complex  is  associated  with  a  different  complex  in  the 
hybrid  with  (E.  biennis.  Such  a  difference  in  behaviour  depending 
on  a  difference  in  partner  is  to  be  expected  if  crossing-over  is  the 
basis  of  these  mutations,  for  crossing-over  is  conditioned  by  the 
presence  of  a  partner  for  the  region  in  which  it  occurs,  and  what  are 
interstitial  segments  in  one  combination  may  be  differential  seg- 
ments in  another, 

(v)  Trisomic  Mutation.  The  mutations  involving  changes  in 
chromosome  number  are  to  be  explained  as  the  result  of  irregularities 
in  chromosome  distribution  at  meiosis,  such  as  those  occurring  in 
other  organisms.  The  fact  that  they  occur  in  much  greater  numbers 
than  in  species  with  simple  pairing  is  due  to  the  mechanical  con- 
ditions of  separation  in  a  ring.  Normally  a  ring  in  (Enothera 
segregates  "  disjunctionally,"  i.e.,  so  that  the  chromosomes  that 
are  paired  pass  to  opposite  poles.  It  will  be  seen  that  if  this 
orientation  takes  place  almost  simultaneously  in  different  parts  of 
the  ring,  sometimes  chromosomes  separated  by  an  even  number 
will  come  to  lie  to  one  side  of  the  equator  and  two  of  the  intervening 
chromosomes  must  then  pass  to  the  same  pole,  or  one  be  left  on  the 
equator  to  divide  equationally  at  the  first  division.  These 
occurrences  have  been  observed  both  in  (Enothera  (Cleland,  1926 
et  al.  ;  D.,  1931  d)  and  in  Rhoeo  (D.,  1929  c)  where  a  ring  of  12 
chromosomes  is  formed  and  conditions  of  segregation  can  be  more 
easily  studied  than  in  (Enothera.  Irregularities  must  necessarily 
occur  in  the  intervening  chromosomes  in  both  directions  round  the 
ring,  so  that  non-disjunction  is  always  double.  If  the  ring  is 
replaced  by  a  chain  the  non-disjunctional  result  occurs,  although 
the  two  chromosomes  which  pass  to  the  same  pole  may  not  have 
been  joined,  but  only  have  been  capable  of  having  been  joined. 
Where  the  non-disjunctions  occur  on  the  same  side  of  the  equator 
two  gametes  with  eight  and  six  chromosomes  are  formed  instead  of 
seven  and  seven.  The  high  frequency  of  this  occurrence  is 
responsible  for  the  high  frequency  of  trisomies  (1-5  per  cent,  in 
(E.  Lamarckiana) .  The  lagging  of  chromosomes  of  undecided 
orientation  is  probably  responsible  for  the  failure  of  separation  of 
two    daughter-nuclei   and    the    formation    of   unreduced   gametes 
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(Schwemmle,  1928  ;  D.,  1931  d).  From  these  arise  occasional 
tetraploid  and  triploid  seedlings,  the  gigas  and  semi-gigas  mutants 
of  De  Vries. 

It  was  formerly  assumed  that  the  trisomic  mutations  of  (Enothera 
were  similar  to  those  of  non-hybrid  plants,  and  attempts  were  made 
by  de  Vries  and  others  to  reduce  them  to  the  seven  expected  types. 
This  was  not  satisfactory,  and  their  breeding  behaviour  was 
anomalous.  Some,  for  example,  bred  true.  The  reasons  have 
been  shown  by  Catcheside  (1933  h  and  1936)  and  Emerson  (1935, 
1936  h).  Thus  in  CE.  Lamarckiana  an  extra  chromosome  from  the 
ring  of  twelve  can  provide  a  viable  combination  in  company  not 
merely  with  the  six  gaudens  chromosomes  or  with  the  six  velans 
chromosomes  but  also  with  a  number  of  mixtures  of  the  two  sets. 
These  mixtures  arise  from  the  different  possible  non-disjunctional 
arrangements.  The  arrangements  giving  rise  to  functional  eight- 
chromosome  gametes  are  of  two  main  kinds  (  (i)  and  (2)  below)  ; 
the  first  gives  whole  complexes  of  the  parental  types,  the  second, 
new  complexes  formed  by  various  mixtures  of  the  old  ones.  One 
example  of  each  will  suffice  (neglecting  the  OP  pair)  : — 

1.  A^B         C^,D-DgE-E^F       GJi  K^,L         M^N  (8-gamete) 

B^C  Ffi         HgK  LgM        NgA  (6-gamete) 

The  8-gamete  will  give  with  gaudens  a  zygote  having  the  normal 
Lamarckiana  complement  together  with  an  extra  chromosome, 
D^E  :- 

(i)  A,B         C^D^  J,  E,,F  GJI         K,L         M,N 

\    /      \de)     \      /    \    /    \    /     \ 
BgC  ^^^^  Ffi  HgK        LgM         NgA 

With  velans  the  8-gamete  will  give  a  homozygote  provided  the 
D^E  chromosome  covers  the  lethals  of  velans  : — 

\a,,b)    \c^d)    ^«^    Ke^f)    \g^)    \k^l)    \M^N) 

In  the  second  type  the  non-disjunction  occurs  at  two  different 
places  : — 

2.  A^,B         C^D-DgE         Ffi         HgK-K^,L         M^,N         (8-gamete) 

B  C  E,F         G,H  LM         NgA  (6-gamete) 
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The  8-gamete  will  give  with  gandens  a  partly  homozygous  and 
partly  heterozygous  trisomic  : — 

(iii)  A,B         C^D       j^^         p^^       ^^^       K,,L         M^N 

BgC  ^^^        ^^^^      ^^s^^  LgM  NgA 


With  velans  it  will  give  a  different  but  analogous  result  : — 

D^E         FgG         H,K 

\     /     \    / 
E^F        G.JI 


(iv)   (A,B\      (C,,D\     ^^\      ^\     /^^     (K,,L\     (M,,N\ 


With  the  first  type  of  8-gamete  any  one  of  the  twelve  chromosomes 
in  the  ring  can  be  present  in  addition  to  the  six  (and  O  P)  of 
the  opposite  complex.  In  this  way  twelve  kinds  of  8-chromosome 
gamete  should  be  formed  and  these  might  combine  with  either 
velans  or  gaudens  normal  gametes  and  thus  give  twenty-four 
potential  types  of  trisomic.  With  the  second  type  the  number  of 
gametic  combinations  is  twenty-four,  and  these  will  give  forty- 
eight  potential  trisomic  types.  Including  the  trisomic  derived 
from  the  bivalent  {OP  —  OP),  we  thus  have  seventy-three  types  in 
all.  Of  these  a  large  proportion  will  be  homozygous  for  bivalent 
forming  chromosomes  which  in  the  diploid  parent  species  are 
heterozygous  and  within  the  ring. 

A  large  number  of  these  potential  types  of  genetically  different 
trisomies  have  actually  been  identified  by  Catcheside  and  Emerson 
in  (E.  Lamarckiana  ;  the  proportion  of  the  seventy-three  which 
succeed  depends  of  course  on  the  viability  of  the  combinations  of 
the  new  types  of  gamete  with  normal  velans  and  gaudens,  i.e.,  on 
the  distribution  of  differential  segments  (or  lethal  genes)  amongst 
the  chromosomes. 

Some  of  the  trisomies,  as  we  saw,  have  the  remarkable  property 
of  being  effectively  true-breeding  (Nos.  (ii),  (iii)  and  (iv)  ).  Type  (ii) 
is  important.  It  will  produce  only  two  kinds  of  functional  gametes, 
one  with  a  normal  complex  which  is  non-viable  in  the  homozygous 
state  and  one  which  has  an  extra  chromosome  and  does  not  function 
in  the  pollen.  This  trisomic  type  is  homozygous  for  a  particular 
complex  which  exists  only  in  the  heterozygous  state  in  the  diploid 
species  from  which  the  trisomic  is  derived.  On  a  specific  lethal 
gene  hypothesis  it  would  be  assumed  that  the  particular  extra 
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chromosome  from  the  opposite  complex  was  covering,  as  it  were, 
the  recessive  lethal  of  the  homozygous  complex.  But  this  is  not 
the  case.  Different  chromosomes  are  equally  effective.  Catcheside, 
therefore,  concludes  that  the  lethal  effect  is  not  the  property  of 
specific  genes,  but  is  due  to  a  general  unbalance  which  may  be 
rectified  by  different  extra  chromosomes.  In  considering  the  half- 
mutants  of  CE.  Lamarckiana,  we  must  now  say,  therefore,  not  that 
subvelans  has  lost  the  lethal  genes  of  velans  and  gaudens,  but  that 
it  is  a  viable  combination  of  parts  of  these  two  complexes. 

The  lethal  properties  of  a  complex  are  therefore  due  to  unbalance, 
to  an  exchange  of  materials  between  the  two  complexes  of  such  a 
kind  that  each  becomes  unsatisfactory  by  itself,  while  both  together 
remain  a  working  combination.  Such  a  condition  can  arise  by  the 
differential  segments  becoming  altered  by  the  loss,  gain  or  inter- 
change of  parts.  Although  other  changes  no  doubt  occur,  inter- 
change between  chromosomes  inside  the  ring  will  by  itself  lead  to 
such  a  differentiation  and  will  thus  account  for  all  the  genetical 
properties  of  complex  heterozygotes  (D.,  1933  a). 

3.   SEX   HETEROZYGOTES 

(i)  Types  of  Sex  Chromosomes.  The  difference  between  the  sexes 
is  inherited,  as  a  rule,  as  a  single  alternative — male  or  female  and  no 
intermediate.  When  it  is  determined  by  genetic  segregation  it 
must  therefore  depend  on  a  single  gene  difference  or  on  a  group  of 
differences  acting  as  a  unit  in  inheritance.  Such  an  inheritance  of 
sex  is  often  bound  up  with  the  inheritance  of  "  sex-linked  " 
characters,  which  also  act  as  a  unit  in  the  heterozygote.  It  is  then 
clear  that  the  whole  block  must  be  determined  by  differences 
between  one  pair  of  chromosomes  or  between  chromosomes  in  a 
configuration  of  the  (Enothera  type.  This  is  found  to  be  the  case 
in  all  organisms  with  unitary  genotypic  sex  determination.  The 
chromosomes  concerned  are  known  as  sex  chromosomes.  Other 
pairs  of  chromosomes  whose  differences  bear  no  relation  to  the 
differentiation  of  sex  are  known  as  autosomes. 

In  the  dioecious  Bryophyta  the  diploid  sporophyte  produces 
two  kinds  of  haploid  spores,  those  giving  gametophytes  with  only 
male  organs  and  gametes,  and  those  giving  gametophytes  with  only 
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female  organs  and  gametes.  The  sporophyte,  which  itself  has  no 
sex  differentiation,  is  therefore  the  sex  heterozygote.  In  species 
of  Sphcerocarpus  there  are  a  large  X  chromosome  and  a  very  small 
Y  chromosome  which  pair  at  meiosis  in  the  diploid  sporophytes  by 
a  terminal  chiasma,  and  pass  to  opposite  poles.  The  four  spores 
of  the  tetrad  formed  stick  together  until  germination.  They 
produce  two  female  gametophytes  with  X  chromosomes  and  two 
male  gametophytes  with  Y  chromosomes.     Sexual  differentiation 


ri^/^ 
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Fig.  109. — First  metaphase  in  the  two  sexes  of  Alacronenmrns 
appendiculatiis.  XX  not  recognisable  in  the  female,  which 
shows  lower  spiralisation  and  terminalisation.  A'  and  Y  lying 
unpaired  on  opposite  sides  of  the  plate  in  the  male.  X  1600. 
(Naville  and  de  Beaumont,  1933.) 

is  therefore  determined  by  the  segregation  of  these  X  and  Y  chromo- 
somes at  meiosis  (Allen,  1919,  1935  h). 

In  the  higher  animals  and  plants  it  is  in  the  first  instance  the 
diploid  generation  which  is  sexually  differentiated.  We  then  find, 
as  a  rule,  that  one  sex  is  heterozygous,  with  an  XY  pair  of  chromo- 
somes, while  the  other  is  homozygous,  having  a  pair  of  similar 
chromosomes  XX.  The  convention,  it  will  be  noted,  is  necessarily 
different.  In  the  Bryophyta,  X  and  Y  are  associated  with  the 
female  and  male  sexes  respectively.  They  have  exactly  corre- 
sponding life  cycles.  In  the  higher  plants  and  animals  they  have 
not.  X  meets  an  identical  mate  in  a  sex  homozygote  (which  does 
not  occur  in  the  Bryophyta).  Y,  on  the  other  hand,  never  pairs 
with  any  chromosome  but  X,  and  therefore  resembles  in  its  genetic 
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history  X  or  Y  in  the  Bryophyta.  The  significance  of  this  Hmitation 
we  shall  see  later. 

The  sex  heterozygote  in  the  higher  organisms  is  usually  the 
male.  Only  in  the  Lepidoptera,  Trichoptera,  the  birds  and  some 
fishes,  amongst  animals,  and  in  Fragaria  among  plants  is  the  female 
known  to  be  the  heterozygote. 

The  types  of  differences  between  X  and  Y  chromosomes,  as  seen 
at  mitosis,  may  be  classified  as  follows  : — 

1.  Organisms  in  which  the  X  and  Y  chromosomes  are  not 
structurally  distinguishable  (e.g.,  Oncopeltus,  Wilson,  1912  ; 
Drosophila   Willistoni,   Metz,   1926)   or   scarcely   so   {e.g.,  Nezara, 

a        b         e         d         e         f  g         h         i 

Fig.  no. — The  X  chromosome  (below)  and  the  Y  (above)  paired  end- 
to-end  at  meiosis  (first  or  second  metaphase)  in  the  heterozygous 
sex  in  various  insects  (after  Wilson  and  Stevens)  showing  the 
transition  from  equality  in  size  to  the  disappearance  of  the  Y. 
a,  Oncopeltus  fasciatus.  b,  Nezara  hilaris.  c,  LygcBtis  bicrucis. 
d,  Euschistus  fisilis.  e,  Thyanta  custator.  /,  Lygcsus  turcicus. 
g,  Nezara  viridula.  h,  Trirhabda.  i,  Proienor  belfragei.  (From 
Witschi,  1929.) 

Wilson,  1905,  1911).  In  Drosophila  funebris  two  similar  chromo- 
somes are  diagnosed  as  sex  chromosomes  by  Heitz  (1933)  merely 
by  one  chromosome  having  a  larger  heterochromatic  segment  than 
its  partner  in  the  male. 

2.  Organisms  in  which  the  X  and  Y  chromosomes  differ  more  or 
less  considerably.  Every  gradation  is  found  between  the  slight 
difference  in  Drosophila  melanogaster  (Fig.  121)  and  the  considerable 
difference  in  Sphcerocarpus  Donellii  (Lorbeer,  1927,  1930),  and 
in  man  (Evans  and  Swezy,  1929).  The  X  chromosome  may  be 
the  largest  member  of  the  complement  (as  in  Sphcerocarpus 
Donellii ;  Leptophyes,  Mohr,  191 5  ;  Phragmatohia  fuliginosa,  Gryllus 
campestris,  Ohmachi,  1929  a,  and  Humulus  japonicus)  or  the  smallest 
(as  in  Asilus  notatus,  Metz  and  Nonidez,  1923,  and  Macropus,  Agar, 
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Figs.  1-5. — Meiosis  in  Phragmatobia  fuliginosa,  Lepidoptera.  (From 
Seller,  1925.) 

Fig.  I.  Fragmented  race,  male,  n  =  29.  Fig.  3.  Fused  race, 
male,  n  —  28.  Figs.  2,  4  and  5.  H^^biid  between  the  two  races, 
male,  showing  pairing  of  two  small  chromosomes  with  one  large  one. 

Fig.  6. — First  metaphase  in  Melandrium  album,  male :  pairing  of  X 
and  Y.     (From  Belar,  1925.)      x  ca.  1000. 

Fig.  7. — First  metaphase  in  Zea  Mays,  monosomic  shoot  of  a  diploid 
plant,  showing  9  bivalents  and  i  univalent.  X  650.  (From 
McClintock,  1929  h.) 

Figs.  8  and  9. — Polymitosis  in  Zea  Mays  pollen  grain. 

Fig.  8.  Late  prophase.  Fig.  9.  Metaphase.  Two  chromosome 
pairs,  probably  with  interstitial  chiasmata  in  each  nucleus.  (From 
Beadle,  1931.)      X  650. 
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1923).     The  X  chromosome  is  usually  larger  than  the  1. 
occasionally  smaller  (as  in  Drosophila  melanogaster) . 

3.  Organisms  in  which  the  Y  chromosome  is  represented  by  two 
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Fig.  III. — Diagram  showing  how  fragmentation  in  a  chromosome 
carrying  sex  factors  makes  the  sex  chromosomes  distinguishable 
in  the  heterozygous  sex  and  how  crossing-over  between  the  point 
of  breakage  and  the  sex-factors  destroys  the  distinction.  I,  the 
unfragmented  type  with  54  -f  X  +  Y  chromosomes  in  the 
female.  II,  breakage  of  the  Y  chromosome  into  two  components, 
"  X  "  and  "  Z,"  "  X  "  containing  the  F  factor  or  factors. 
Crossing-over  in  this  female  in  the  X  and  Y  chromosomes 
between  the  breakage  and  the  F  factor  will  give  the  diplotene 
configuration  shown  and  yield  males  with  a  fragmented  X  chro- 
mosome, i.e.,  type  III.  The  female  is  the  sex  heterozygote  in 
the  Lepidoptera.  ^".^5.  The  change  cannot  be  simple  frag- 
mentation, since  it  leads  to  reduplication  of  the  centromere. 

or  more  fragments.     The  mode  of  origin  of  this  type  from  the  first 
is  made  clear  by  Seller's  work  on  Phragmatohia  ftdiginosa  (1925). 
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Fig.  112. — Pairing  of  chromosomes  in  the  two  sexes  showing  parts  of 
X  and  y  that  are  homologous  similarly  hatched  and  stippled, 
parts  of  X  that  are  not  represented  in  Y  blank,  and  parts  of  Y 
not  in  X  black.  I,  Humulus  lupulus,  simple  type.  II,  H. 
japonicus,  simple  type  (fragmentation  heterozygote) .  Ill,  H. 
lupulus,  with  male  as  interchange  heterozygote  having  X^,  Yj, 
X2  and  Ya  chromosomes,  corresponding  to  segments  BXA,  AQ, 
QP,  PY  \cf.  text).  Note. — Types  I  and  II  are  common  in 
plants  and  animals.  The  centromere  being  median  in  the 
X^  the  two  X  chromosomes  in  the  homozygous  sex  can  form 
chiasmata  in  one  or  both  arms  to  give  a  rod  or  a  ring.  From 
type  II  the  chain  of  five  is  derived  as  the  chain  of  four  is  derived 
from  type  I, 
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Two  geographic  races  exist,  one  of  which  has  two  pairs  of  small 
chromosomes  instead  of  one  large  pair  found  in  the  other.  A  third 
race  is  found  in  which  the  males  have  the  single  large  pair  while 
the  females  have  one  large  chromosome  associated  with  two  small 
ones  (v.  Ch.  V).  Evidently  therefore  the  sex  factors  are  located  in 
this  group.  Although  the  third  race  might  have  arisen  as  a  cross 
from  the  first  two  it  may  equally  be  regarded  as  an  intermediate 
stage  in  the  change  from  the  one  type  to  the  other,  for,  in  the 
absence  of  crossing-over,  fragmentation  in  the  Y  of  the  large 
chromosome  type  will  lead  to  the  intermediate  type.  Only  if 
crossing-over  occurs  between  the  sex  factors  and  the  point  of 
breakage  will  the  intermediate  type  yield  the  small  chromosome 
type.  Evidently  such  crossing-over  has  taken  place.  This 
example  therefore  provides  a  diagrammatic  illustration  of  the 
relationship  between  crossing-over  and  the  preservation  of  differences 
between  sex  chromosomes  {v.  Fig.  iii). 

In  a  number  of  other  animals  and  plants  the  sex  chromosome 
pair  is  heterozygous  for  "  fragmentation  "  of  either  the  X  or  the  Y, 
giving  X-^^X^Y  or  XY1Y2  systems  of  segregation  (Table  56  and 
Figs.  115  and  117). 

4.  In  Humnltis  japonicus  (Kihara,  1929  b)  and  H.  luptdus  (Sinoto, 
1929)  a  further  structural  change  has  occurred  in  the  extension 
of  the  differences  in  the  sex-heterozygote  to  another  pair  of 
chromosomes,  while  the  homozygous  sex  presumably  continues  to 
have  simple  pairs  (Fig.  112).  A  race  of  Humulus  liipulus  has  a 
chain  of  four  instead  of  one  unequal  pair  and  an  individual  of 
H.  japonicus  has  been  found  with  a  chain  of  five  instead  of  a  chain  of 
three.  Each  of  these  modifications  can  be  supposed  to  be  derived 
from  the  simpler  type  by  segmental  interchange  between  sex 
chromosomes  and  autosomes  in  the  same  way  as  a  ring  of  four  is 
presumed  to  be  derived  from  two  pairs  in  ordinary  interchange 
heterozygotes.  Thus,  if  the  three  sex  chromosomes  of  the  simpler 
form  of  Humulus  japonicus  are  composed  of  segments  (homologues 
having  the  same  letters)  : 

YA-AXB-B 

then  segmental  interchange  between   YA   and  an  autosome  PQ, 
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giving  two  new  chromosome  types  YP  and  QA,  will  form  a  chain  of 
five  in  the  interchange-cum-sex-heterozygote,  thus  : 

YP-PQ-QA-AXB-B  ; 

this  will  yield  two  types  of  gametes  YP,  QA ,  B  and  PQ,  AXB.     The 


Fig.  113. — Above  :  first  metaphase  in  (^  Humuhis  japonicus  XY-^Y^ 
at  left.  Below  :  stages  in  co-orientation  of  XY^Y^,  some 
showing  exceptional  interstitial  chiasmata.      X  5000. 

homozygous  sex  will  be  unaltered  by  the  change,  still  having  the 
composition  : 

PQ-QP,  AXB-BXA. 

The  chain  of  four  in  H.  lupulus  differs  from  this  in  their  being 
no  "  B  "  chromosome. 

The  sex  heterozygote  is  therefore,  apart  from  other  differences,  an 
interchange  heterozygote,  and  the  mechanism  combines  the  usual 
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sex  mechanism  with  that  of  the  complex  heterozygotes  in  (Enothera. 
This  second  instance  of  the  preservation  of  a  demonstrable  form  of 
structural  hybridity  by  the  sex  heterozygote  shows  the  essential 
similarity  between  the  complex  and  sex  heterozygote. 

5.  Even  more  complex  conditions  are  found  in  Blaps  lusitanica 
(Nonidez,  192 1)  and  in  various  Hemiptera  and  Nematoda.  In 
these  the  X  or  Y  chromosome  is  represented  by  several  separate 
bodies  in  somatic  cells.  They  unite  at  meiosis,  and  pair  with  the 
opposite  sex  chromosomes.  It  would  seem  that  these  are  apparently 
inert  supernumerary  chromosomes  derived  by  fragmentation  from 
X  or  y  and  therefore  continuing  to  pair  with  their  homologues 
(Table  16). 

6.  The  variation  which  occurs  in  the  relative  size  of  the  X  and  Y 
chromosomes  might  be  supposed  to  have  two  extremes,  the 
complete  disappearance  of  one  or  the  other.  But  the  X  chromosome 
never  disappears  in  organisms  with  the  XX  —  XY  system.  That 
is  to  say,  the  distinction  between  the  sexes  never  consists  in  the 
presence  of  a  single  supernumerary  chromosome  in  one  sex  which  is 
not  represented  in  the  other.  The  opposite  extreme,  in  which  the 
Y  chromosome  has  disappeared,  is  very  common  in  animals,  e.g., 
Orthoptera,  Hemiptera,  Coleoptera  and  Nematoda.  The  sex 
chromosomes  are  said  to  be  of  the  XO  type.  The  random  segre- 
gation of  the  single  X  chromosome  gives  two  classes  of  gametes 
with  and  without  X.  These  can  be  distinguished  in  the  living 
sperm  of  the  nematode  Ancyr acanthus  (Mulsow,  1912),  and  the 
direct  connection  therefore  established  between  segregation  and 
sex  determination.  The  X  chromosome  (as  in  the  XY  type)  may 
have  several  independent  components  (e.g.,  Perla  marginata  and 
various  Neuroptera).  These  may  fuse  temporarily  at  meiosis  [e.g., 
Nematoda  and  Aphides,  Morgan,  1912).  In  Perla  they  fuse  at 
diakinesis,  but  are  independent  at  metaphase.  They  nevertheless 
pass  to  the  same  pole.  The  two  poles  must  therefore  be  in  some 
way  asymmetrical  in  their  development. 

7.  This  last  type  may  give  a  secondary  XY  mechanism  owing  to 
the  fusion  of  the  X  chromosome  with  an  autosome,  giving  an 
unequal  pair  at  meiosis  (de  Sinety,  1901  ;  McClung,  1905,  1914, 
1917  in  Orthoptera).      The   origin  of  this  type  is  betrayed  by  its 
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prophase  behaviour.  The  attached  X  chromosome  condenses  in 
advance  of  the  autosomes,  and  is  therefore  distinguishable  from 
them  until  metaphase.  Some  species  are  uniform  in  having  the 
attachment  of  the  X  {e.g.,  in  Leptynia  and  Mermiria)  others  have 
races  with  the  free  X  and  races  with  the  attached  X  {e.g.,  in 
M enexenus  3.nd  Hespeyotettix,  cf.  Fig,  46). 

Such  a  fusion  has  probably  taken  place  in  Ascaris  megalocephala 
(Edwards,  1910  ;  Geinitz,  1915)  for  male  individuals  occur  with  a 
single  X  chromosome  separate  instead  of  included  in  the  ordinary 
compound  chromosome.  In  the  male  Macropus  (Agar,  1923)  the 
special  behaviour  of  the  two  elements  which  condense  precociously 
at  meiosis  shows  them  to  be  X  and  Y  chromosomes.  But  the  X 
chromosome  is  permanently  fused  with  an  autosome  in  both  sexes, 
A  configuration  consisting  of  three  unequal  chromosomes  is  formed 
at  meiosis  and  segregates  like  that  in  Tenodera  and  Rumex. 

The  apparent  fusion  is  probably  as  elsewhere  an  interchange, 
in  this  case  an  interchange  of  the  active  part  of  an  autosome  for 
the  inert  part  of  the  X  chromosome  ;  one  product  of  interchange 
being  entirely  inert  can  then  be  lost.  When  it  is  not  inert  it  is  not 
lost  and  a  chain  of  four,  as  in  Humulus  Lupulus,  will  arise,  instead 
of  a  chain  of  three. 

That  changes  of  this  type  have  been  effective  in  Drosophila  is 
indicated  by  a  comparison  of  linkage  maps  and  chromosomes  in 
D.  melanogaster  and  D.  Willistoni  (Lancefield  and  Metz,  1922). 
The  sex  chromosomes  of  the  latter  species  are  V-shaped,  while  one 
pair  of  autosomes  are  rod-shaped.  The  reverse  is  the  case  in 
D.  melanogaster  (Fig.  121).  One  arm  of  the  X  chromosome  of  D. 
Willistoni  corresponds  with  the  X  chromosome  of  D.  melanogaster 
in  the  linked  factors  located  in  it  {cf.  KoUer,  1932  bon  D.  "  obscura," 
and  Dobzhansky,  1934), 

8.  Hagerup's  observation  (1927)  of  two  XY  pairs  in  the  tetraploid 
Empetrum  hermaphroditum  (corresponding  with  those  in  the  diploid 
relative)  is  improbable  on  genetical  grounds,  while  XX  and  YY 
pairs  as  found  in  trisomic  Rumex  {v.  infra),  are  more  probable  on 
cytological  grounds  on  account  of  differential  affinity.  Differentia- 
tion of  sex  chromosomes  has  not  therefore  been  proved  in  any 
polyploid  species  but  Fragaria  elatior.     Where  it  arises  it  will  not 
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appear  as  a  derivative  of  a  diploid  system,  for  a  new  polyploid  will 
maintain  itself  sexually  only  if  it  is  hermaphrodite ;  and  it 
will  be  likely  to  breed  true  to  hermaphroditism.  There  is  nothing, 
however,  to  prevent  differentiation  arising  de  novo  in  an  established 
polyploid,  as  it  doubtless  has  arisen  in  Fragaria. 

(ii)  The  Differential  Segment.     The  dissimilar  X  and  Y  chromo- 
somes pair  at  meiosis  in  the  heterozygous  sex.     They  diverge  from 


1  2  X  -Y.-Y, 

^  ^  S  6  7  6  ^  ,„ 

))§  5—0  j-)— o-Zjjj 

U        X*2Y+Y.  Ill       X+Y, +2Y, 

Fig.  114. — Methods  of  metaphase  pairing  in  Rumex  aceiosa  with 
extra  sex  chromosomes  of  each  of  the  three  types,  X,  Y^ 
(equal  in  size)  and  Yg  (the  smallest).  The  limits  of  association 
define  the  homologies  of  the  chromosomes  and  the  extent  of 
their  differential  segments.     (Yamamoto,  1934.) 

the  autosomes  in  their  behaviour  at  this  time  in  varying  degrees. 
This  divergence  can  be  shown  to  be  related  to  the  development  of 
differential  segments  between  which,  as  in  (Enothera,  pairing  at 
pachytene,  crossing-over  and  chiasma-formation  are  suppressed. 

The  evidence  of  differential  segments  is  of  three  kinds.  First 
the  X  and  Y  chromosomes  may  differ  in  size.  It  is  then  clear  that 
the  part  of  one  which  is  in  excess  must  be  differential  with  respect 
to  the  other.     The  difference  between  the  two  may  depend,  as  in 
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the  Mammalia,  on  no  more  than  a  gain  or  a  loss.  Secondly,  the 
X  and  y  chromosomes  may  regularly  have  complete  terminahsation, 
although  the  autosomes  of  comparable  size  retain  interstitial 
chiasmata  at  metaphase.  Interstitial  chiasmata  have  been  found 
in  Pellia  Neesiana  (Tatuno,  1936)  and  in  Humulus  (Fig.  113). 
They  are  rare  in  Rumex  where  the  process  of  terminahsation  has 
been  described  (Sato  and  Sinoto,  1935)-  Its  completeness  shows 
that  the  pairing  segments  have  been  terminal  and  short,  a  part  of 
the  chromosomes  being  differential.  Thirdly,  the  X  and  Y  chromo- 
somes may  regularly  fail  to  form  a  chiasma  in  one  arm,  which  must 
then  be  differential,  for  when  two  X's  are  present  in  the  female  or 
exceptionally  two  Y's  in  the  male,  chiasmata  are  formed  in  both 
arms  (Yamamoto,  1934,  Fig.  114).  If  chiasmata  fail  in  both  arms 
the  whole  chromosome  is  differential  and  the  pairing  segments 
may  be  said  to  have  disappeared.  This  extreme  development  is 
found  in  many  Hemiptera,  e.g.,  Lygceus,  Oncopeltus,  etc.  (Wilson, 
1909,  1912),  where  the  X  and  Y  chromosomes  may  or  may  not 
meet  at  pachytene.  In  others  (Brochymene,  Wilson,  1905  a)  they 
regularly  meet.  If  they  meet  they  fall  apart  again  at  diplotene 
(i.e.,  they  form  no  chiasma),  divide  equationaUy  at  the  first  division, 
and  segregate  after  momentary  touching  of  their  daughter  halves 
end-to-end  at  the  second  division.  This  extreme  of  differentiation 
is  found  in  Oncopeltus,  where  no  size  difference  is  observed  between 
the  chromosomes,  thus  showing  that  mere  loss  and  gain  is  only  one 
of  the  kinds  of  structural  change  that  may  arise  to  distinguish  the 
sex  chromosomes. 

Table  56 

Representative  Examples  of  Sex  Chromosomes 

Plants. 

HepaticcB  (undifferentiated  sporophyte). 

XY  Sphcsrocarpos  Donnellii      Allen,    1919    ;    Lorbeer,    1927, 

1930. 
XY  S.  texanus    .  .  .     Tinney,  i935- 

XY  Pogonatum  inflexiim       .      Shimotomai  and  Koyama,  1932 

XY  Pallavicinia  longispina       Tatuno,  1933- 

XY^Y^  Frullania  spp.       .  .      Lorbeer,      1934      {cf.     Tatuno, 

1936). 
XY  17  other  species    .  .     Lorbeer,  I934- 
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Dicotyledones. 

XYS 

Melandrium  spp. 

Winge,  1923  b  ;  Belar,  1925  ; 
Blackburn,  1924,  1928. 

XYS 

Humulus  lupulus  <•*> 

Winge,  1929. 

XYA^A,^ 

Humulus  lupulus  (2) 

Sinoto,  1929. 

XY^Y^3 

Humulus  japonicus  <3)     . 

Kihara  and  Hirayoshi,  1932. 

X  y  I  y  ^A  ^A  20 

Humulus  japonicus 

Kihara,  1929  a  and  b. 

XY,Y^^ 

Rumex     acetosa  <3)    (and 

Kihara  and  Ono,  1925,  1028  ; 

related  species). 

Sato  and  Sinoto,  1935  ; 
Ono,  1935;  Yamamoto,  1934. 

XY^ 

Sedum  Rhodiola    . 

Levan,  1933.. 

XY^ 

Fragaria  elatior  <2) 

Kihara,  1930. 

Animals. 

Nematoda. 

xos 

Ancyr  acanthus 

Mulsow,  1912. 

Orthoptera. 

XYS 

(Ecanthus  longicauda  <^)  <•*> 

Makino,  1932. 

X^X^Y^ 

Tenodera 

Oguma,  192 1. 

XY  aiXidXO^ 

Gryllotalpa  (») 

De          Winiwarter,          1927 
Barrigozzi,  1933. 

XO^ 

Phrynotettix  magnus 

Wenrich,  1916. 

xos 

Chorthippus  and 

Janssens,  1924  ;  Belar,  1929  a  ; 

Stenobothrus. 

D.,  1932  e,  1936  b. 

xos 

Locus ta  spp. 

Mohr,  1916  ;    White,  1932. 

Dermaptera. 

X^X^Y^ 

Forficula 

W.  P.  Morgan,  1928. 

Odonata. 

xos 

Pantala  et  alii  <<>  . 

Asana  and  Makino,  i935- 

Plecoptera. 

X^X^03 

Perla  marginata    . 

Junker,  1923. 

Neuroptera. 

XY^ 

Chrysopa  vulgaris  <>>  <3)   . 

Naville  and  de  Beaumont, 
1933- 

Mecoptera. 

XO^ 

Panorpa 

Naville  and  de  Beaumont, 
1934- 

Coleoptera. 

XY^ 

Tenebrio 

Stevens,  1905, 

XO^ 

Phytodecta    . 

Galan,  1931. 

XY^Y^^ 

Blaps 

Nonilez,  1920. 

Diptera. 

p 

Sciara 

Metz  et  alii,  1926  ;  Du  Bois, 
1933  ;   Metz,  1934. 

XY<^ 

Drosophila  spp.     .  * 

Metz,  1916  ;   Heitz,  1933. 

XY^ 

D.  pseudo-obscura  <°) 

D.,  1934  <2);  Dobzhansky,«) 
1934- 

X^X^YO^ 

D.  miranda 

Dobzhansky,  1935. 

^  Distance-conjugation  found. 
2  Occasionally  failure   of  pairing,   or  non- 
observed  at  meiosis. 

^  Variation  found  in  Y  chromosome  within 
*  Second  division  reduction. 
^  Proximal  pairing  segments. 


disjunction  resulting   from   it, 
the  species  (Fig.  63). 
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Heteroptera. 

Metapodius  (-'),  LygcBus  <4) 

Wilson,  1905,  1928, 

X,.,Y^ 

Acholla 

Payne,  1910. 

xos 

Alydus,  Protenor  . 

Wilson,  1928  ;   Reuter,  1930. 

Homoptera. 

XYS 

Enchenopa  hinotata 

Kornhauser,  19 14. 

xos 

Phylloxera   . 

Morgan,  1912,  1915. 

xos 

Aphis 

V.  Baehr,  1919. 

xos 

Tetraneura  . 

Schwartz,  1932. 

Lepidoptera. 

XO^ 

Tala>poria    . 

Seller,  1920. 

XY<^ 

Phraqmatohia  (^)     . 

Seller,  1925. 

Trichoptera. 

XO? 

Limftophilus 

Klingstedt,  1931. 

Aves. 

XY<^ 

Callus  (fi)       . 

Crew,  1933  i  White,  1932. 

Mammalia  (=). 

XY^ 

Mus  musculus 

Painter,  1927. 

XY^ 

Homo 

Painter,     1923  ;      Evans     ai 
Swezy,  1929. 

XY^ 

Rattus 

Roller  and  Darlington,  1934. 

?XY^ 

Apodemus  <■*> 

Oguma,  1934. 

?xo^ 

Evotomys 

Oguma,  1935. 

XY^ 

Didelphus    . 

Roller,  1936. 

Or  in  other  words  we  may  say  that  the  pairing  segments  may  be 
reduced  to  a  minimum,  while  the  differential  segments,  although 
genetically  different,  remain  the  same  size  in  X  and  Y. 

The  pachytene  observations  seem  to  conflict  with  the  assumption 
of  differential  and  pairing  segments,  for  in  Enchenopa  X  and  Y  are 
paired  throughout  their  length  and  in  Humidus  and  Rumex  a 
complete  triradial  association  is  often  found,  the  two  short  arms  of 
the  Y's  which  never  form  chiasmata  being  associated  (Kihara  and 
Hirayoshi,  1932).  Clearly  in  these  cases  we  are  dealing  with  non- 
homologous torsion  pairing,  which  as  we  have  seen  earlier  is  probably 
characteristic  of  all  structural  hybrids,  but  which  implies  neither 
homology  as  a  cause  nor  crossing-over  as  a  consequence. 

Where  the  differential  segment  is  proximal,  i.e.,  where  it 
includes  the  centromere,  the  simplest  kind  of  metaphase  pairing 
and  segregation  results.  This  is  the  condition  found  in  all  plants 
and  most  animals.     It  has  usually  been  said  in  describing  this  type 


2  Occasionally  failure   of   pairing,   or  non-disjunction   resulting  from  it, 
observed  at  meiosis. 

^  Variation  found  in  Y  chromosome  within  the  species. 

*  Second  division  reduction. 

«  The  evidence  for  Y  is  genetical. 
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that  the  first  division  is  reductional  for  the  XY  pair.  This  means, 
as  we  have  seen  earHer,  that  the  two  chromatids  with  the  differential 
segment  of  X  pass  to  the  opposite  pole  from  those  with  the  differential 
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Fig.  115.— Diagram  showing  by  the  pachytene  relationships  of  the 
sex  heterozygote  the  development  of  the  diiferential  segments 
oiX  (above)  and  Y  (below)  leading  to  the  disappearance  of  Y  (4). 
The  metaphase  associations  of  certain  types  are  given  and  depend 
on  the  position  of  the  differential  segments  (black  and  white)  in 
..    relation  to  the  centromere. 


segment  of  Y  at  the  first  division.  Where,  however,  the  pairing  seg- 
ment is  proximal,  crossing-over  occurs  in  some  cells  between  the 
centromere  and  the  differential  segment  with  the  same  results  as 
have  already  been  described  in  considering  the  general  behaviour  of 
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unequal  bivalents,  viz.,  the  differential  segments  divide  equationally 
at  the  first  division  and  reductionally  in  the  second.  This  is  what 
happens  in  Rattus  in  about  one-twentieth  of  the  spermatocytes. 
Genetic  evidence  indicates  that  it  also  happens  in  Bomhyx  (Gold- 
schmidt  and  Katsuki,  193 1  ;  cf.  Mather,  1935)  and  the  observation 
of  an  equational  first  division  of  an  "  unpaired  "  X  in  Apodemtis  is 
most  easily  explained  in  this  way. 

Where  the  differential  segment  is  proximal,  no  special  property 
is  required  to  permit  of  pairing  segments  at  both  ends  of  a  sex 
chromosome,  as  with  a  chromosome  in  a  ring  in  (Enothera.  Such  a 
system  is  actually  developed  in  Humulus  and  elsewhere.  But 
where  the  pairing  segment  is  proximal  a  very  special  adaptation 
is  required  to  permit  of  differential  segments  at  both  ends,  for 
these  reasons  :  the  pairing  segment  is  intercalary ;  it  cannot, 
therefore,  pair  by  terminal  affinity  ;  it  can  pair  only  by  chiasmata  ; 
but  effective  crossing-over  giving  a  single  chiasma  cannot  occur  in 
segments  lying  between  two  pairs  of  differential  segments  without 
removing  one  of  them.  Nevertheless  in  several  species  of  Drosophila 
the  pairing  segment  includes  or  adjoins  the  centromere  and  both 
arms  are  differential.  Thus  in  D.  melanogaster  the  X  and  Y  chromo- 
somes have  one  gene  in  common  ("  bobbed.").  It  lies  near  the 
centromere,  while  both  ends  of  the  chromosomes  are  different. 

To  account  for  pairing  without  visible  crossing-over  in  these 
species  it  was  therefore  necessary  to  suppose  that  crossing-over 
betv/een  them  was  regularly  reciprocal  and  gave  rise  regularly  to 
reciprocal  chiasmata  in  a  part  of  the  chromosomes  near  the  centro- 
mere where  there  were  no  differential  genes  (D.,  1931  a).  The  Y 
chromosome  was  known  to  be  almost  entirely  inert  and  such  an 
inert  region  was  afterwards  found  in  the  proximal  part  of  the  X 
chromosome  (MuUer  and  Painter,  1932).  The  view  seemed  to  be 
supported  by  the  frequencies  of  pairing  of  X  and  Y  in  trisomic 
forms,  and  also  by  various  structural  changes.  For  example, 
X  becomes  "  attached  "  to  an  arm  of  Y  in  a  regular  way  such 
as  could  result  from  exceptional  single  cross-overs  near  the  centro- 
mere and  with  a  regular  frequency  of  once  in  2,000  times.  Such 
a  change  resembles  the  mutations  which  result  from  crossing- 
over  in  (Enothera.     These  expectations  have  been  borne  out  in 
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three  ways.     First,  Kaufmann  (1933)  has  found  that  the  attached 

XX  become  detached  in  XXY  females  by  crossing-over  between 
X  and  y,  such  that  two  new  chromosomes  are  produced,  an  X 

attached  to  a  short  arm  of  the  Y,  called  XY^,  and  an  X  attached 

to  the  long  arm  of  the  Y,  called  XY^  (cf.  D.,  1935  e).     Secondly, 
Philip  (1935)  has  shown  that  the  reciprocal  crossing-over  of  normal 


Fig.  116. — Behaviour  of  autosome  and  X-Y  bivalents  at  meiosis 
in  cJ  Drosophila  pseudo-obscura.  The  autosomes  are  paired 
at  the  centromere  in  diakinesis,  the  sex  chromosomes  by- 
reciprocal  chiasmata  either  in  the  short  arm  or  the  long  arm 
of  Y.     (D.,  1934,  cf-  Fig-  63) 

males  may  sometimes  take  place  on  opposite  sides  of  "  bobbed," 
which  adjoins  the  inert  region,  so  that  this  gene  may  be  transferred 
from  X  to  y  and  vice  versa  without  any  other  observable  change. 

Finally,  the  association  of  X  and  Y  chromosomes  has  been  seen 
in  a  pairing  segment  which  lies  on  either  side  of  the  centromere  in 
D.  pseudo-obscura  (D.,  1934 ;  Dobzhansky,  1934).  That  the 
association  was  in  fact  by  reciprocal  chiasmata  could  be  shown 
as  follows  :  The  unchanged  X  and  Y  separate  at  anaphase,  having 
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been  connected  near  the  centromere  at  metaphase.  Their  con- 
nection may  be  on  either  side  of  the  centromere,  but  is  never  on 
both  sides.  It  therefore  shows  both  the  variation  and  the  inter- 
ference characteristic  of  chiasma-formation.  Furthermore,  the 
mechanical  relationships  of  X  and  Y  are  entirely  different  from 
those  of  the  autosomes.  The  former  show  the  characteristic  tension 
between  the  centromere  and  the  nearest  point  of  association,  i.e.,  the 
nearest  chiasma.  The  autosome  pairs,  on  the  other  hand,  would 
be  incapable  of  showing  chiasma-formation,  even  if  they  had 
crossed  over  or  not,  because  their  four  chromatids  are  equally 
attracted  to  one  another,  lying  equally  parallel  at  diakinesis.  They 
are  associated  apparently  at  the  centromere,  but  between  diakinesis 
and  metaphase  suddenly  turn  away  from  one  another  at  this  point, 
very  much  as  mitotic  chromatids  do  at  the  beginning  of  anaphase. 
Thus  in  the  relationships  both  of  the  centromeres  and  of  the  bodies 
of  the  chromosomes  the  autosomes  are  unique.  The  sex  chromo- 
somes, on  the  other  hand,  are  normal  in  the  formation  of  chiasmata 
except  in  their  being  regularly  reciprocal. 

These  observations  show  that  the  properties  of  crossing-over 
that  can  be  deduced  from  general  observations  of  structural  hybrids 
enable  one  to  classify  the  types  of  sex-chromosome  differentiation 
that  is  found,  according  to  the  arrangements  of  differential  and 
pairing  segments  and  to  specify  the  kinds  of  crossing-over  that  will 
be  necessary  to  preserve  it.  Thus  the  system  of  reciprocal  chiasmata 
developed  in  Drosophila  has  been  the  condition  of  development  of 
unique  sex-chromosome  differences  in  this  genus.  Furthermore, 
the  pairing  of  sex  chromosomes  enables  us  to  predict  the  occurrence 
of  partial  sex-linkage  in  all  organisms  where  pachytene  association 
and  chiasma-formation  occurs,  in  all,  that  is,  except  the  most 
extreme  types.  Such  linkage  has  now  been  found  in  Drosophila 
(Phihp,  1935)  and  in  man  (Haldane,  1936). 

(iii)  Segregation  of  Sex  Chromosomes.  Paired  sex  chromosomes 
separate  reductionally  at  the  first  or  second  divisions,  according  to 
the  relative  position  of  pairing  and  differential  segments.  Unpaired 
sex  chromosomes  are  a  permanent  property  of  the  race  or  species 
and  behave  regularly  (unlike  the  unpaired  chromosomes  of 
adventitious  hybrids)  in  one  of  the  following  ways  : — 
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(a)  In  the  Orthoptera,  the  unpaired  X  chromosome  (which  is 
precocious  during  prophase)  Ues  to  one  side  of  the  equator  and 
passes,  without  division,  before  the  paired  chromosomes  to  the 
nearer  pole.     It  then  divides  at  the  second  division. 

(b)  In  the  male  Aphides  (Morgan,  1912,  1915  ;  Schwartz,  1932  ; 
Suomalainen,  1933)  and  Nematoda  (Mulsow,  1912)  it  lags  behind 
the  bivalents,  but  otherwise  behaves  in  the  same  way. 

(c)  In  some  Hemiptera  (Vanduzea  arcuata,  and  species  of  Ceresa, 
Boring,  1907),  the  unpaired  A"  chromosome  may  pass  to  the  pole 
either  before  or  after  the  autosomes. 

{d)  An  unpaired  X  chromosome  is  known  to  divide  equationally 
at  the  first  division  in  a  few  species  and  be  included  in  two  telophase 

^^C^^       ^i^^^       ^ali^^       ^^Oc^^     <7^af^\>     ^^  0^^^ 
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Stenoiolhrus .    Aphis       P/idinus     fllelinJrium    Ly^Beus     TenoJera 

Sphaetocarpus  Rumex 

marii/  animals 

xo      ^        xy    ^   x/T' 

Fig.  117. — Diagram  showing  the  methods  of  segregation  of  sex  chromosomes 
at  the  first  anaphase  normally  occurring  in  different  species. 

nuclei  at  the  second  division  [Photimis  consangnineus  and  P. 
pennsylv aniens,  Coleoptera,  Stevens,  1909  a  ;  Anasa  tristis,  Wilson, 
1905  h  ;  Alydtis  Hemiptera,  Renter,  1930  ;  Protenor,  Schrader, 
1935  '>   various  Odonata). 

We  see  that  the  behaviour  of  unpaired  sex  chromosomes  without 
partners  does  not  differ  in  essentials  from  that  of  unpaired  autosomes 
in  plant  hybrids,  although  animal  cytologists  have  not  usually  been 
aware  of  this  similarity.  The  distinction  is  that  their  behaviour 
is  more  regular,  more  exactly  adjusted,  by  a  means  we  shall  consider 
later.  The  mechanism  of  the  pairing  of  sex  chromosomes  with 
partners  by  chiasmata,  on  the  other  hand,  is  less  well  adjusted 
than  that  of  the  autosome  bivalents. 

Since  only  a  part,  and  often  only  a  small  part,  of  the  X  chromosome 
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constitutes  the  pairing  segment,  it  is  clear  that  the  mechanism  of 
chiasma  formation,  or  whatever  substitute  for  chiasma  formation 
is  effective  in  pairing  will  not  be  able  to  secure  the  same  regularity 
in  pairing  as  in  the  autosomes.  Such  is  the  case  as  shown  both  by 
direct  observation  and  inference  from  the  occurrence  in  genetical 
experiments  of  individuals  with  one  or  with  three  instead  of  with 
two  sex  chromosomes. 

Where  pairing  fails,  the  unpaired  chromosomes  may  divide  at 
the  first  division  {e.g.,  in  Fragaria),  but  will  in  any  case  be  distributed 
amongst  the  four  daughter-cells  at    random  with  regard  to  one 


m^j 


Fig.  ii8. — First  metaphase  in  males  of  different  races  of  Chrysopa 
vulgaris.  Y  varies  in  size  and  segregates  from  X  without 
pairing  {"  distance-conjugation  ").  X  1600.  (Naville  and 
de  Beaumont,  I933) 

another.  Some  will  therefore  have  both  the  X  and  the  Y 
chromosome.  This  result  has  been  referred  to  in  Drosophila 
(cf.  Stern,  1929  a)  as  following  non-disjunction,  but  is,  as  we  now 
see,  often  more  properly  to  be  ascribed  to  non-conjunction,  i.e., 
failure  of  pairing. 

True  non-disjunction  is,  however,  regularly  found  with  multiple 
chromosomes,  especially  the  chains  of  three  and  four  chromosomes 
found  in  Humulus,  Rumex  and  Phragmatohia.  To  give  the  normal 
sex  segregation,  successive  chromosomes  must  pass  to  opposite 
poles,  so  that  half  the  gametes  have  the  X  chromosome  and  half  the 
y  chromosomes  (Fig.  113).     This  segregation  occurs  in  85  per  cent. 
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of  mother-cells  in  Hitmulus  japonicus  (according  to  Sinoto).  The 
non-disjunction  is  due  to  the  same  cause,  irregular  orientation  of 
the  chain  at  metaphase,  and  has  the  same  effect,  the  formation  of 
gametes  with  too  many  and  too  few  chromosomes,  as  non-dis- 
junction in  other  cases  of  diploid  ring  and  chain  formation  in  inter- 
change heterozygotes  {cf.  Sinoto,  1929 ;  Winge,  1929 ;  Kihara, 
1929  b). 

Two  kinds  of  segregation  of  sex  chromosomes  do  not  follow 
prophase  pairing  and  chiasma  formation.  The  first  of  these  is 
found  in  certain  Hemiptera  [Lygceus,  Wilson,  1905  a)  where  the 
X  and  Y  chromosomes  are  unpaired  at  the  first  division  but  regularly 
lie  on  the  equator  and  divide  when  the  bivalents  separate.  Their 
halves  then  pair,  end-to-end,  at  the  second  division  and  pass  to 
opposite  poles.  This  pairing  is  perhaps  due  to  a  property  analogous 
to  terminal  affinity  (cf.  Ch.  XII). 

The  second  has  been  described  as  "  distance  conjugation."  It  is 
found  in  Neuroptera  (Naville  and  de  Beaumont,  1933  ;  Klingstedt, 
1933)  and  Hepaticae  (Lorbeer,  1934).  In  the  Neuroptera  the  X  and 
y  chromosomes,  which  have  been  lying  on  opposite  sides  of  the 
diakinesis  nucleus,  pass  to  opposite  ends  of  the  spindle  at  metaphase. 
In  the  Hepaticae,  on  the  other  hand,  the  distant  conjugation 
described  is  spurious,  being  merely  the  result  of  one  pair  of  chromo- 
somes, usually  the  sex  chromosomes  or  the  smallest  pair,  having 
terminal  chiasmata  owing  to  their  short  pairing  segments,  while  the 
rest  have  interstitial  chiasmata  {cf.  Secale,  Fig.  49). 

Where  pairing  is  by  terminal  affinity  a  minute  pairing  segment 
is  presumably  left.  Where  segregation  follows  distant  conjugation 
there  is  no  longer  any  need  for  a  pairing  segment.  Since  unpaired 
chromosomes  in  ordinary  mutants  and  hybrids  segregate  irregularly, 
the  regular  segregation  of  unpaired  chromosomes  like  the  X  in  the 
Orthoptera  and  X  and  Y  with  distance  conjugation  in  the  Neu- 
roptera requires  a  special  explanation.  The  clue  for  this  explanation 
is  provided  by  three  particular  observations.  The  sex  chromosome 
pair  in  the  mammals  has  a  weaker  staining  reaction  than  the 
autosomes  at  metaphase,  and  usually  lies  at  the  edge  of  the  plate 
or  to  one  side  of  it.  It  presumably  has  a  lower  surface  charge 
(Koller  and  D.,  1934).     When  the  two  are  unpaired  they  can  be 
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seen  lying  on  opposite  sides  of  the  plate  (Roller,  unpublished  ; 
Plate  XI).  Their  behaviour  is  like  that  of  paired  chromosomes 
which  are  driven  by  overcrowding  to  form  accessory  plates  (Ch. 
XII).  The  regularity  in  lying  off  the  plate  in  the  Orthoptera  is 
due  to  the  univalence  of  the  X  chromosome,  and  perhaps  also  to 
its  lower  surface  charge.  The  regularity  of  X  and  Y  in  lying  at 
opposite  sides  of  the  plate  in  the  Neuroptera  is  due  to  mutual 
repulsion  in  a  restricted  space,  following  a  similar  distribution  at 
diakinesis. 

Other  special  properties  of  sex  chromosomes  seem  to  require  no 
other  explanation  than  precocious  division  of  the  centromeres 
where  a  univalent  divides  at  the  same  time  as  the  bivalents,  and 
terminal  affinity  acting  at  a  distance  where  X  and  Y  pair 
momentarily  at  metaphase.  The  difference  in  time  of  division  of 
unpaired  X  chromosomes  in  Protenor,  Chorthippus,  Photinus  and 
Vandiizea  is  strictly  comparable  to  that  of  other  unpaired  chromo- 
somes in  hybrids  and  mutants  of  plants.  Univalents,  as  a  rule, 
vary  in  their  timing  relationship,  in  some  animals  dividing  only 
at  the  second  division  (probably  Chorthippus,  D.,  1936  h)  and  in 
the  extreme  opposite  case  (in  Culex,  Moffett,  1936)  scarcely 
lagging  behind  the  bivalents  at  first  anaphase  (contrast  Schrader, 

1935). 

(iv)  Haplo-Diploid  Sex  Determination .     (a)  General,     In  several 

groups  of  Metazoa  sexual  females  give  female  offspring  when  their 
eggs  are  fertilised,  male  when  they  are  not  fertilised,  as  first  shown 
in  the  bee  by  Dzierzon.  This  is  believed  to  be  the  method  of  sex 
differentiation  in  the  Hymenoptera,  Rotifera,  and  in  some 
Thysanoptera,  Acarina  and  Hemiptera.  In  the  Rotifera,  genera- 
tions of  females  reproducing  by  diploid  parthenogenesis  can  be 
intercalated  between  the  sexual  generations,  as  in  the  Aphides. 
In  the  hymenopteran  Neuroterus  certain  females  lay  only  fertilised 
eggs  and  others  only  unfertilised. 

It  has  been  shown  in  several  of  these  groups  that  the  females  are, 
in  fact,  diploid  and  the  males  haploid.  The  evidence  for  this 
method  of  sexual  differentiation,  especially  in  Thysanoptera  and 
Rotifera,  is  chiefly  from  breeding  results.  But  in  the  following 
instances   the    assumption    of   male   haploidy   has    been   verified 
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cytologically   (cf.  Schrader  and  Hughes-Schrader,   1931  ;    Torvik- 
Greb,  1935). 

Table  57 

Examples  of  Haplo-Diploid  Sex  Differentiation 

Acarina            .      Tetranychus  himaculaius  «  =  3  Schrader,  1923. 
Hemiptera 

(Aleurodidae)    Aleurodes  proletella         .  w  =  13  Thomsen,  1927. 
Trialenrodes 

vaporariorum     .          .  n  =  11  Hughes-Schrader,  1930. 

(Coccidae)       Echinicerya  anomala]  _ 

Icerya  spp.                   )  ~                       "                 " 

Icerya  purchasi  (^  and  (5*)  w  =  2                    ,,                     1927. 

Hymenoptera       Apis  mellifica        .           .  n  =  16  Nachtsheim,  1913. 

Paracopidosomopsis        .  w  ==  8  Patterson   and   Hamlett, 

floridanus.  1925. 

Pteronidea  ribesii            .  n  —  8  Peacock  and  Sanderson, 

1931- 
Habrohracon  juglandis    .      «  =  10     Torvik-Greb,  1935. 
(also  probably  in  Vespa,  Neuroterus  and  other  genera). 
Rotifera  .     Asplanchna  spp.  .  .  Whitney,  1929. 

The  mode  of  reproduction  in  Icerya  purchasi  is  exceptional  and 
particularly  significant.  Fertilised  eggs  give  hermaphrodites.  They 
produce  i  per  cent,  of  eggs  that  go  unfertilised,  and  give  haploid 
males,  and  99  per  cent,  that  are  fertilised  either  by  the  sperm  of  the 
hermaphrodite  or  by  that  of  the  males.  The  species  therefore  has 
an  alternative  system  of  reproduction  between  hermaphroditism  and 
haplo-diploid  sex  differentiation. 

Icerya  purchasi  also  has  a  unique  peculiarity  in  the  develop- 
ment of  the  testes  in  the  hermaphrodite.  The  haploid  number  of 
chromosomes  is  found  in  the  spermatogonia,  presumably  through 
some  process  analogous  to  meiosis  having  occurred  during  their 
development.  The  testes  are,  therefore,  genetically  male,  and  the 
"  hermaphrodite  "  diploid  genetically  female,  since  it  produces 
sperm  only  in  tissue  developed  by  a  special  abnormality  and 
genetically  that  of  a  different  individual.  The  genetic  differentia- 
tion of  haploid  and  diploid  is  therefore  as  sharp  as  that  in  the 
Hymenoptera  and  the  system  of  reproduction  in  Icerya  is  probably 
derived  from  the  simple  haplo-diploid  type. 

(h)  Hymenoptera.  By  a  prolonged  series  of  experiments, 
Whiting  and  his  collaborators  have  discovered  the  genetic  mechanism 
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underlying  haplo-diploid  sex-differentiation  in  Habrobracon.  In 
this  wasp  diploid  males  are  occasionally  produced  by  fertilisation. 
They  arise  particularly  in  inbred  stocks.  They  are  accompanied 
by  reduced,  not  increased,  fertility  of  the  parents.  These  diploid 
males  show  that  diploidy  alone  does  not  determine  femaleness  ; 
particular  genes  must  also  be  concerned.  From  the  inheritance 
of  a  character  determined  by  genes  linked  with  such  hypothetical 
sex-determinants.  Whiting  {1935)  has  shown  that  the  males  are 
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Fig.  119. — Normal  and  abnormal  (giving  black  symbols)  methods  of 
sex-inheritance  in  Habrobracon.  Non-reduction  gives  the 
fatherless  females.  Non-selective  fertilisation  gives  the  fathered 
males. 

of  two  kinds,  which  we  may  call  X  and  Y,  while  the  females  are 
produced  by  the  combination  X  —  Y.  The  regular  femaleness  of 
diploids  is  due  to  the  complementary  products  of  meiosis  being 
present  in  the  egg  after  fertilisation  and  the  opposite  type  always 
fusing  with  the  sperm  nucleus,  which  will  be  either  X  or  Y,  according 
to  the  father.  The  biparental  males  are  due  to  the  breakdown  of 
this  inhibition  ;  they  are  either  XX  or  YY.  Probably  the  products 
of  the  second  meiotic  division  are  the  alternative  mates  of  the  sperm, 
and  this  would  indicate  that  the  second  is  regularly  the  reductional 
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division  for  X  and  Y,  as  it  sometimes  is  in  mammals.  Further, 
occasional  parthenogenetic  diploids  arise  (Speicher,  1934)  pre- 
sumably by  fusion  of  the  second  division  products  and  these  are 
always  female,  that  is  XY,  never  XX  or  YY  like  the  biparental 
males. 

The  ordinary  haploid  males  have  their  first  meiotic  division 
suppressed  as  in  Apis,  the  centrosome  at  one  pole  being  separated 
in  a  bud.  The  diploid  males  undergo  the  same  process  (Torvik- 
Greb,   1935)   and  therefore  produce  triploid  daughters   (Bostian, 

1936). 

It  is  important  to  distinguish  between  the  haplo-diploid  system 
of  sex  differentiation  found  in  so  many  different  groups  of  organisms 
and  the  special  XY  mechanism  of  Habrobracon.  Not  only  does  the 
haplo-diploid  system  extend  to  a  large  group  of  animals  ;  it  also 
has  important  physiological  implications.  It  demands  the  develop- 
ment of  a  special  balance  within  all  the  chromosomes  similar  to  that 
which  MuUer  (1932)  inferred  in  the  X  alone  in  Drosophila,  viz.,  a 
balance  such  that  particular  genes  have  the  same  effect  in  double 
as  in  single  dose.  The  development  of  this  system  to  its  present 
perfection  indicates  its  antiquity.  On  the  other  hand,  the  particular 
XY  mechanism  shows  some  signs  of  newness.  Whiting  has  repre- 
sented the  genie  constitution  of  the  differential  segments  of  X  and  Y 
as  F.g  and  f.G  so  that  they  would  be  complementary.  Crossing- 
over  still  occurs  between  X  and  Y  and  gene  differences  are 
exchanged.  The  differential  segments  are  not,  therefore,  developed 
to  the  extreme  condition.  Since  neither  in  X  nor  Y  are  they  ever 
homozygous  (except  in  the  diploid  males),  it  seems  likely  that  they 
never  could  develop  except  in  the  direction  of  inertness,  and  the 
fact  that  the  two  kinds  of  males  do  not  differ  in  any  observable 
respect  bears  out  this  expectation.  It  seems,  therefore,  that  this 
system  is  probably  short-lived,  capable  of  being  frequently  replaced 
by  similar  systems,  and  probably  secondary  to  the  general  haplo- 
diploid  method  of  differentiation. 

(c)  CocciD^.  In  the  coccids  Pseudococcus  ($,  2n  =  10)  and 
Protortonia  (?,  2«  =  6)  the  haploid  number  of  bivalents  are  formed 
in  oogenesis  and  meiosis  is  normal  (Schrader,  1923,  1931).  In  the 
male  Pseudococcus   (2m  =  10)   five  of  the  chromosomes  condense 
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prematurely  at  the  prophase  of  meiosis  ;  they  do  not  pair  with  the 
other  five  and  the  first  division  is  equational.  At  the  second  division 
the  precocious  chromosomes  pass  to  one  pole  and  the  others  then 
pass  to  the  opposite  pole.  The  two  sides  of  the  spindle  are  formed 
separately,  as  in  the  haploid  bee,  where  only  one  side  is  effective. 
It  appears  that  the  two  sets  of  five  chromosomes  are  those  derived 
from  opposite  parents,  and  that  they  are  therefore  permanently 
separated  in  phylogeny.  The  whole  set  is  differentiated  in  regard 
to  sex.  The  behaviour  in  another  coccid,  Lecanium  hemispherictim 
and  Phenacoccus  (Hughes-Schrader,  1935),  is  similar  (Thomsen, 
1927). 

In  the  male  Protortonia  (2n  =  5),  on  the  other  hand,  the  condition 
is  probably  intermediate  between  that  in  Psendococcus,  and  in  the 
normal  type  of  sex-determination  in  other  Hemiptera.  There  is  no 
distinction  between  the  two  sets,  and  pairing  takes  place  between 
two  chromosomes,  the  other  three  remaining  unpaired.  The  four 
groups  lie  in  separate  vesicles  at  the  first  division  and  the 
chromosomes  divide  equationally.  But  at  the  second  division  the 
chromosomes  arrange  themselves  in  a  row  or  chain  which  lies 
axially  in  the  spindle  and  divides  so  that  two  chromosomes  at  one 
end  go  to  one  pole  and  the  other  three  to  the  other.  Their  order  is 
not  constant,  but  one  of  the  chromosomes  which  is  definitely 
smaller  than  the  rest  lies  at  one  end  of  the  chain  in  three-quarters 
of  the  nuclei.  This  is  probably  the  arrangement  giving  the  effective 
segregation,  which  in  this  case  is  of  one  kind  only — probably  that 
giving  the  separation  of  unchanged  maternal  and  paternal 
chromosomes.  Diagrammatically,  on  this  hypothesis,  the 
chromosome  relationship  can  be  represented  thus  :  $,  AABBCC  ; 
eggs,  ABC  ;  ^,  AABBCC  ;  sperm,  ABC  (^-producing)  ;  and  AB^ 
((^-producing).  Since  B  and  Bj  have  no  opportunity  of  crossing 
over,  and  B^  is  transmitted  exclusively  by  the  male  sex,  they  will 
be  permanently  separated  in  phylogeny  (as  the  whole  complexes 
are  in  Pseudococctis).  It  may  be  noted  parenthetically  that  it  does 
not  necessarily  follow  that  they  are  not  homologous  or  even  identical 
because  they  fail  to  pair,  for  genetic  factors  must  undoubtedly  have 
been  the  original  cause  of  this  failure  (as  in  facultative 
parthenogenesis,  q.v.).     But  it  does  follow  that  since  they  do  not 
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pair,  but  yet  are  segregated  to  opposite  sexes  they  will  vary 
independently  in  so  far  as  they  vary  at  all  and  therefore  become  less 
and  less  like  one  another  as  evolution  proceeds. 

In  another  Coccid,  Llaveia  bouvari,  a  condition  is  found  more 
nearly  approaching  normal  meiosis  (Hughes-Schrader,  1931).  The 
chromosomes  as  a  rule  pair  normally,   even   forming  chiasmata 


0IW03 

TTPES  or  PAIKIRiJ 

TYPES  or  SPKRHATOZOA 

LIa*eia 
95  per  cent 

W    W    0 

<^i>^<^3>i 

Llaveia 
5  per  cent 

m  mo® 

<^*^<©>l 

Protortonia 

%m  %o® 

<®>1<®>1 

C«ss7p«rla 

•  o#o 

<0>iC^ 

leerya 

•    • 



Fig.  120. — Diagram  of  chromosome  behaviour  at  meiosis  in  the  male 
in  a  series  of  forms  showing  a  gradation  from  normal  pairing  to  a 
complete  failure.  Circles  represent  chromosomes,  white  ones 
being  those  confined  to  the  male  sex  (the  "  Y  "  set)  ;  the  X 
chromosome  is  contributed  to  the  female  progeny.  In  Llaveia 
there  is  95  per  cent,  of  normal  pairing,  5  per  cent,  of  failure  of  one 
pair.  There  is  probably  no  differentiation  between  the  pairing 
chromosomes.  In  Protortonia  only  two  chromosomes  pair  and 
these  are  perhaps  differentiated.  In  Gossyparia  there  is  no 
pairing  and  half  the  sperm  degenerate.  I  eery  a  is  haploid  in  the 
male  tissue.     (From  F.  and  S.  H.  Schrader,  1931.) 

apparently,  though  each  pair  remains  in  a  separate  vesicle. 
Occasionally,  however,  only  one  pair  associates  at  metaphase,  as  in 
Protortonia. 

These  species  are  most  easily  considered  as  representing  steps  in 
the  successive  differentiation  of  the  two  sets  of  chromosomes  in  the 
male,  so  that  the  whole  of  a  set  develops  the  character  of  X  or  Y 
and  the  "  Y  "  set  is  carried  exclusively  in  the  male  line.  Such  a 
differentiation  might  be  conditioned  by,  first,  the  replacement  of 
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ordinary  chiasma-pairing  by  pairing  as  found  in  the  sex  chromosomes 
of  other  Hemiptera,  which  seems  to  depend  on  the  property  of 
terminal  affinity,  and,  secondly,  the  development  through  genetic 
change  of  a  special  spindle  mechanism.  The  progressive  change  in 
this  series  is  represented  in  the  diagram  (Fig.  120).  It  is  described 
here  as  differentiation,  meaning  the  accumulation  of  structural 
differences.  It  has  been  described  by  the  Schraders  as 
"  degeneration  " — a  term  which  should  be  avoided  in  speaking  of 
chromosomes  here  and  elsewhere,  because  it  implies  an  analogy  with 
evolutionary  changes  in  gross  structures  that  is  somewhat  misleading. 
But  there  is  a  fourth  genus,  Gossyparia,  whose  behaviour  seems 
to  conflict  with  this  or  any  other  evolutionary  hypothesis,  although 
the  Schraders  have  represented  it  as  the  last  step  in  the  process  of 
differentiation.  Here  again  meiosis  is  normal  in  the  female  : 
14  bivalents  are  formed.  In  the  male  half  the  chromosomes  are 
precocious  and  do  not  associate  with  the  other  half,  but  they  do 
pair  at  metaphase  amongst  themselves.  It  is  believed  that  this  is 
not  true  pairing  and  does  not  lead  to  segregation,  all  28  chromosomes 
dividing  equationally  at  the  first  division.  The  precocious 
chromosomes  separate  from  the  rest  at  the  second  division,  which 
is  otherwise  abortive.  Thus  four  nuclei  are  formed  with  the  haploid 
number  of  chromosomes,  and  if  it  were  possible  to  consider  these  as 
of  two  alternative  sex  types,  the  precocious  chromosomes  repre- 
senting those  characteristic  of  the  male,  the  "  Y  "  set,  and  those 
that  are  homozygous  in  the  female,  the  "  X  "  set,  it  would  be  easy 
to  see  in  Gossyparia  an  exaggeration  of  the  differentiation  of 
Pseudococcus  and  Protortonia.  But  Schrader  (1929)  finds  that  half 
the  sperm  die,  and  considers  these  to  be  of  one  type,  the  ''  Y  "  set. 
If  this  is  so,  obviously  the  chromosomes  that  are  lost  in  the 
degenerating  sperm  of  one  male  are  precisely  those  that  were  not 
lost  in  its  own  male  parent.  Moreover,  since  the  half  that  survive 
must  contain  both  male-determining  and  female-determining 
chromosomes,  these  must  have  been  derived  in  part  from  opposite 
parents.  This  upsets  the  notion  of  the  constancy  of  behaviour 
being  due  to  any  properties  inherent  in  the  chromosomes  concerned. 
The  view  that  the  sperm  which  die  contain  what  they  describe  as 
the  "  degenerate  "  set  of  chromosomes  is  held  by  the  Schraders 
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(1931)  to  be  the  most  decisive  evidence  in  favour  of  the  theory  that 
this  set  is  "  progressively  degenerating,"  but  it  seems  rather  to  be 
the  chief  obstacle  to  regarding  the  series  of  steps  as  progressive. 

If  it  were  possible  to  assume  that  the  sperm  which  survived 
carried  both  kinds  of  chromosomes  the  series  could  be  taken  to 
show  a  progressive  change,  and  this  would  be  the  means  by  which 
the  whole  of  one  set  might  be  lost  in  the  same  way  and  for  the  same 
reason  as  the  Y  chromosome  has  been  lost  in  the  Orthoptera  and 
elsewhere.  Hence  the  haplo-diploid  system  of  sex-differentiation, 
which  is  found  in  yet  another  coccid,  Icerya  purchasi,  might  arise 
(v.  diagram). 

(v)  Meiosis  in  Cyclical  Parthenogenesis.  Males  arise  in  the 
cyclically  parthenogenetic  Rotifers,  as  they  do  in  the  Hymenoptera, 
presumably  by  haploid  parthenogenesis.  In  the  aphids  and 
phylloxerans  it  has  been  established  (cf.  Morgan,  1912,  1915  ; 
Schwartz,  1932)  that  the  development  of  males  is  due  to  the  loss  of 
one  chromosome  (an  X  chromosome)  at  maturation  in  the  egg  of 
the  parthenogenetic  mother.  The  2a:— i  males  might  be  expected 
to  give  offspring  like  themselves  as  well  as  females,  but  the  true- 
breeding  parthenogenetic  line  is  restored  by  the  functioning  of  only 
those  sperms  with  the  full  haploid  number. 

The  same  aberration  occurs  less  regularly  in  the  Orthoptera.  In 
Apotettix  and  Paratettix,  Robertson  (1930,  1931  c)  found  that  the 
males  exceptionally  produced  by  parthenogenetic  females  lacked 
one  of  the  X  chromosomes  of  their  parents,  as  do  the  normal  males 
in  the  grasshoppers.  This  was  supposed  to  be  the  result  of  non- 
disjunction, probably  conditioned  by  a  special  property  of  the 
X  chromosomes.  Such  a  property  as,  for  example,  that  of  precocious 
development  found  in  the  single  X  chromosomes  in  the  male  might 
affect  its  pairing  if  equally  present  in  the  female,  and  hence  lead  to 
lagging  and  loss  (v.  Ch.  IX). 

(vi)  Genetics  of  Sex  Determination.  In  any  species  where  the 
chromosomes  of  the  two  sexes  differ  in  size  the  sex  differentiation 
can  be  seen  to  follow  from  the  segregation  of  dissimilar  chromosomes 
at  meiosis.  In  some  species  (as  shown  in  Ancyr acanthus  by  Mulsow) 
every  step  in  development  can  be  seen,  from  the  act  of  unequal 
segregation  to  the  differentiation  of  the  sex  types  which  is  invariably 
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correlated  with  it.  This  gives  us  the  minimum  information  with 
the  maximum  certainty.  It  shows  us  the  mechanism  underlying 
sex  determination,  but  it  does  not  show  us  how  the  mechanism 
arose  or  how  it  operates.  There  are  therefore  an  evolutionary  and 
a  physiological  problem  to  be  decided.  Both  have  to  be  approached 
by  the  comparative  method. 

The  evolutionary  problem  has  been  approached  by  attempting  a 
unitary  theory  of  sex  determination.  Correns  (1928)  considered 
that  such  a  theory  may  rest  on  the  assumption  that  homologous 
genes  are  present  in  all  species  for  sex  differentiation  at  each  stage  of 
the  life  cycle,  and  that  allelomorphs  of  those  affecting  one  stage  are 
found  in  one  group  and  affecting  another  stage  in  another  group 
(cf.  also  Allen,  1932).  This  hypothesis  is  of  little  value.  The 
assumption  of  genes  in  one  organism  affecting  differences  only 
found  in  an  entirely  different  group  of  organisms  depends  on 
assumptions  of  the  nature  of  variation  for  which  there  is  no  evidence. 
Sex  differentiation  has  certainly  arisen  independently  in  different 
groups.  The  fact  of  its  analogy  of  mechanism  is  due  only  to  the 
inevitable  limitations  of  its  mechanism — segregation  of  alternatives 
at  meiosis. 

The  second  attempt  is  based  on  the  study  of  sex  conditions  in 
hybrids.  In  these,  sex  seems  to  be  determined  by  a  balance  of 
activities  working  in  opposite  directions — to  maleness  and  to  female- 
ness.  They  can  be  represented  more  or  less  quantitatively.  The 
one  activity  is  determined  by  the  X  chromosome,  which  is  present 
in  a  single  dose  in  one  sex,  in  double  dose  in  the  other.  The  opposite 
activity  is  determined  by  the  autosomes  (or  the  cytoplasm  or  Y 
chromosome  in  Lymantria)  and  is  in  the  pure  species  stronger  than 
the  single  dose  of  X,  but  weaker  than  the  double  dose.  When 
races  or  species  are  crossed  this  relationship  does  not  hold,  and 
intersexes  result.  This  formula  may  be  taken  as  an  approximate 
description  of  the  differences  between  races  and  between  the  effect 
of  the  X  and  of  the  other  chromosomes.  They  may  be  expressed 
quantitatively  and  according  to  direction — male  or  female  (Gold- 
schmidt,  1934). 

The  formula  does  not,  however,  decide  the  question  as  to  whether 
the  effect  is  produced  by  differences  in  proportion  or  in  summation, 
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although  we  can  assume  proportion  from  what  we  know  of  un- 
balanced forms  in  plants.  This  is  provided  by  work  on  forms  of 
Drosophila  with  different  numbers  of  chromosomes. 

Bridges  (1922)  found  that,  in  the  progeny  of  triploid  females  of 
Drosophila,  flies  occurred  having  different  numbers  of  X  and  Y 
chromosomes  and  autosomes  (Fig.  121).  Some  of  these  were 
sterile,  but  the  whole  of  the  types  found  might  be  arranged  in  a 
more  or  less  linear  series  from  forms  of  male  character  to  others  of 
female  character,  through  normal  sexual  types  and  intersexes. 
The  extreme  types  at  both  ends  were  sterile  and  were  described  as 
super-males  and  super-females  ;  those  apparently  normal  males 
which  had  no  Y  chromosome  were  also  sterile,  because  Y,  although 
almost  inert,  still  contains  something  necessary  for  fertility  in  the 
male  (Stern,  1929).  The  succession  in  this  series  was  found  to  be 
related  to  the  proportions  in  which  the  autosomes  and  the  X 
chromosome  were  present,  and  entirely  unrelated  to  the  presence 
of  the  y.  Thus  if  the  autosome  complement  is  denoted  by  A,  the 
series  (cf.  Fig.  121)  : — 

(AAAXXX  {3x)  ? 
AAAX(Y),  AAX(Y)  ^,  AAAXX{Y)   \  AAXX  {2x)  ?  AAXXX 

[aX(x)^ 

represents  the  transition  from  "  super-male  "  to  "  super-female." 
Haploid  patches  of  tissue  (AX)  in  mosaics  have  since  been  found  to 
be  female  in  character  as  expected  on  this  theory. 

It  is  interesting  to  notice  that  types  otherwise  similar  are  more 
female  with  the  higher  number  of  fourth  chromosomes.  The  fourth 
chromosome  therefore  acts  in  the  same  sense  as  an  A"  chromosome, 
and  in  the  opposite  sense  to  the  other  autosomes.  This  departure 
from  the  rule  can  be  simply  understood  by  supposing  that  the  small 
fourth  chromosome  has  arisen  by  fragmentation  of  the  X,  a  not 
improbable  origin  on  general  grounds. 

When  the  principles  of  proportion-adjustment  or  balance  to  be 
derived  from  the  simpler  study  of  trisomic  plants  are  applied  to  an 
organism  with  alternative  X  and  Y  inheritance  it  is  seen  that  two 
systems  of  adjustment  must  work  in  such  an  organism.  X  and  Y 
must  both  be  adjusted  in  proportion  to  the  autosomes — as  we  have 
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Fig.  121. — Diagram  showing  normal  (A  and  B)  and  variant  (C  to  P) 
chromosome  complements  of  Drosophila  melano paster.  Compiled 
from  Bridges,  1916  (D,  E,  F),  1922  (G,  H,  l/j),  1927  (A,  B), 
L.  V.  Morgan,  1922  (K),  Stern,  1929  (L,' M — alternative  sex- 
mechanism),  Painter  and  Muller,  1929  (N,  O),  and  Dobzhansky, 
1929  (P).     Constrictions  are  emphasised.      X  ca.  9000. 

D,  E  and  K  the  products  of  primary  non-disjunction.  F  of 
secondary  non-disjunction.  K  of  fusion.  N,  O,  P  of  trans- 
location. L  and  M  of  deletion  with  fusion.  The  structure  of  the 
chromosomes  is  otherwise  constant.  The  XO  male  and  the 
super-male  and  super-female  forms  are  sterile,  the  first  for 
mechanical  reasons,  the  others  for  physiological  reasons. 


seen  is  the  case,  X  having  a  resultant  normal  female  effect,  Y  having 
a  neutral  effect.    Further,  both  must  be  internally  balanced.    In  the 
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Y  neutrality  implies  balance.  In  the  X  recent  work  has  indicated  an 
internal  differentiation.  Certain  fragments  of  the  X  which  have  a 
phenotypic  effect  on  the  males  that  bear  them  do  not  reduce  their 
fertility  (Muller,  1930  a),  probably  on  account  of  a  margin  of  safety, 
a  threshold  value,  in  the  reaction  of  the  normal  type.  WTien  such 
fragments  are  added  to  intersexes  they  alter  the  sexual  grade  of  the 
intersex  in  various  degrees  according  to  the  fragment  concerned 
(Dobzhansky  and  Schultz,  1931  ;  cf.  Patterson,  Stone  and  Bedichek). 
These  effects  can  be  expressed  more  or  less  quantitatively  as  Gold- 
schmidt  has  supposed.  At  the  same  time  the  X  is  shown  to  be 
differentiated  and  adjusted,  i.e.,  balanced  (cf.  Muller,  1932  a; 
Kerkis,  1934). 

Proportion  can  be  shown  to  be  important  in  sex  determination 
in  other  organisms.  Triploids  and  tetraploids  in  Rumex  acetosa 
and  R.  montanus  of  the  constitutions  :  18  +  2X  +  ^1^2  ^.nd 
24  +  3X  +  2Y1Y2  are  intersexual  (Ono  and  Shimotomai,  1928  ; 
Ono,  1930),  but  whether  those  lacking  Y^  and  Yg  are  also  intersexual 
is  not  yet  known.  Forms  with  an  abnormal  (probably  deficient) 
autosome  have,  however,  been  found,  and  they,  although  diploid, 
are  slightly  intersexual  (Ono,  1930,  1935  ;  Yamamoto,  1934).  In 
SphcBYOcarpus  Donnellii  (Knapp,  1935,  a  and  h)  gametophytes 
lacking  a  certain  part  of  the  X  chromosome  are  male,  although  they 
have  no  Y  chromosome  at  all.  Intersexes  in  Melandrium  album 
have  the  male  complement  (Belar,  1925),  while  those  in  M.  nibrum 
have  the  female  complement  (Akerlund,  1927).  These  results 
indicate  one  essential  conclusion  (which  is  in  accordance  with  genetic 
evidence)  :  all  the  chromosomes  together  establish  the  physiological 
system  which  permits  of  two  sharply  distinguished  lines  of  develop- 
ment. The  different  proportions  of  the  two  sex  chromosomes  which 
result  from  this  segregation  and  recombination  are  merely  the 
trigger,  as  Muller  puts  it  (1932),  which  sets  development  going  in 
one  or  other  of  the  two  directions.  How  the  trigger  mechanism 
can  be  changed  is  shown  by  certain  recent  experiments  which  we 
shall  now  consider. 

New  mechanisms  of  sex  segregation  have  arisen  under  two 
conditions,  either  in  hermaphrodites  which  had  no  such  segregation 
previously,  or  in  sexually  differentiated  organisms  where  the  new 
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mechanism  replaces  an  earlier  one.  No  doubt  also  environmentally 
or  developmentally  determined  systems  can  readily  develop  into 
genetic  systems  with  new  sex  chromosomes.  The  beginnings  of 
such  systems  are  present  everywhere. 

In  Zea  Mays,  which  normally  has  unisexual  flowers  on  different 
parts  of  the  same  plant,  dioecious  stocks  have  been  produced  in 
two  ways,  one  giving  a  homozygous  male,  the  other  a  homozygous 
female.  In  each  case  a  combination  of  two  mutant  genes  is 
necessary,  one  of  them,  however,  being  homozygous  in  both  sexes 
(R.  A.  Emerson,  1932). 

In  Lebistes  new  gene  combinations  have  been  obtained  in  which 
the  sex  differentiation  is  determined  by  a  single  pair  of  allelomorphs 
in  autosomes.  Two  such  combinations  have  been  selected,  one 
giving  males,  the  other  females,  homozygous.  In  both,  the  homo- 
zygous sex  has  been  reversed  to  give  the  new  heterozygous  sex, 
while  the  old  heterozygous  sex  type  with  its  Y  chromosome  has 
been  eliminated  (Winge,  1934). 

Hence,  we  see  how  the  sex  determining  mechanism  can  be 
reversed  in  the  course  of  evolution.  We  see  also  how  nearly 
related  fishes,  as  well  as  birds  and  mammals,  come  to  have  opposite 
systems.  Similarly  in  Drosophila  simulans  (Sturtevant,  1929), 
D.  virilis  (Lebedeff,  1934)  and  Lymantria  dispar  (Goldschmidt, 
1934)  genes  or  gene-combinations  or  cytoplasmic  variables  are 
known  which  partially  reverse  one  or  both  of  the  sexes.  But  in 
these  organisms  complete  and  fertile  reversal  of  the  homozygous 
sex  seems  to  be  impossible.  Apparently  the  Y  chromosome  can 
be  replaced  only  when  it  either  differs  from  the  X  in  the  minimum 
degree  or  in  the  maximum  degree  when,  as  we  shall  see,  it  has 
become  entirely  inert,  i.e.,  in  the  simplest  and  in  the  most  advanced 
types  of  sex  chromosome  differentiation.  In  the  intermediate 
condition  there  is  something  essential  in  the  Y  that  is  not  in  the  X  ; 
but  at  either  extreme  there  is  nothing. 

Evolutionary  changes  of  other  kinds  can  be  inferred  from  the 
comparison  of  related  species.  Of  these  the  commonest  is  the 
complete  disappearance  of  the  Y  chromosome  in  groups  some 
species  of  which  have  an  XY  —  XX  system  {e.g.,  in  Hepaticae  and 
Orthoptera).     The  most  remarkable  of  these  is  found  in  Drosophila. 


PLATE    XI 

Fig.  I. — Diplotene  in  Chorthippus  ^,  showing  precocity  of  P  chromo- 
some which  is  attached  to  X.  It  has  a  single  interstitial  chiasma. 
(D.,  1936  d.) 

Figs.  2-4. — First  metaphase  in  Hemerohius  hunmlinns  (Neuroptera), 
showing  non-pairing  or  "  distance  conjugation  "  oi  X  and  Y. 

Fig.    2.     Side   view.     Fig.    3.     Polar  view.     Fig.   4.     Two   auto- 
somes also  unpaired.     (Klingstedt,  unpublished.) 

Fig.  5. — Non-pairing  of  X  and  Y  in  the  mammal  Putorius  furo 
(ferret),  showing  similar  arrangement  on  opposite  sides  of  the  plate. 
(Koller,  unpublished.) 

Fig.  6. — First  metaphase  in  man  ;  X  and  1'  paired  terminally  and 
lying  off  the  plate.     (Koller,  unpublished.) 

Figs.  7  and  8. — First  metaphase  in  the  rat,  showing  pairing  of  X 
and  Y,  (Fig.  7)  terminally  to  give  reductional  first  division  separation 
and  (Fig.  8)  interstitially  to  give  a  S3^mmetrical  bivalent  having  equa- 
tional  first  division  separation.      (Koller  and  D.,  1934.)      X  2400. 
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D.  miranda  will  cross  with  D.  pseudo-obscura,  but  has  an  unpaired 
chromosome  in  the  male  corresponding  to  two  in  the  female. 
Together  with  this  "  X^  "  chromosome  there  persist  a  pair  of 
chromosomes  which  although  equal,  nevertheless  associate  by  the 
reciprocal  chiasmata  characteristic  of  the  sex  chromosomes  in  the 
related  species.  Dobzhansky  (1935  b)  concludes  that  this  is  a 
second  pair  of  sex-determining  chromosomes  [X'^Y)  whose  segrega- 
tion is  correlated  by  an  unknown  means  with  that  of  X^,  so  that 
only  two  kinds  of  progeny  are  produced  :  X^X^X^X^,  females,  and 
X^YX'^,  males.  It  is,  however,  possible  that  X^  and  Y  are  the 
same  chromosome,  derived  as  to  their  pairing  segments  from  X 
and  y  of  the  other  species  and  therefore  continuing  to  pair  by 
reciprocal  chiasmata,  but  no  longer  taking  part  in  sex-segregation 
(D.,  1936  a).  Whatever  the  precise  mechanism,  however,  D. 
miranda  shows  the  origin  of  a  new  system  of  sex-segregation  in  the 
Diptera  on  the  foundations  of  the  old  one. 

The  experiments  on  Zea  show  how  sex-differentiation  can  arise 
in  a  hermaphrodite.  The  experiment  on  Lebistes  further  shows 
how  one  gene  may  determine  sex  by  its  segregation,  while  others 
which  formerly  did  so  and  are  equally  essential  in  establishing  the 
system,  being  homozygous,  no  longer  pull  the  trigger  by 
their  segregation.  The  first  lies  in  an  incipient  sex  chromosome, 
the  rest  lie  in  a  former  sex  chromosome  which  is  now  an  autosome. 
This  relationship  of  the  autosomes  and  sex  chromosomes  to  sex- 
differentiation  is  true  of  every  stage  in  their  evolution.  It  follows 
that  the  autosomes  govern  the  sex-determination  from  the  beginning, 
although  only  special  genetical  experiments  can  show  their  influence. 

(vii)  The  Differentiation  of  the  Sex  Chromosomes.  The  quantita- 
tive theory  of  sex,  derived  from  the  study  of  gene  differences  in 
hybrids,  and  the  proportion  theory  derived  from  the  study  of 
proportion  differences  in  polysomic  forms  answer  different  questions. 
The  one  shows  how  gene  differences  arise  (and  act),  and  the  other 
shows  how  they  interact.  Both  provide  the  basis  on  which  a 
unitary  theory  may  rest.  The  cytological  evidence,  on  the  other 
hand,  reveals  a  third  point  of  view — the  mechanical  one,  which 
enables  us  to  put  the  different  types  of  sex  determination  in  an 
evolutionary  series.     This  can  now  be  considered. 
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In  the  simplest  cases  of  genotypic  sex  differentiation  no  differences 
can  be  seen  to  distinguish  any  sex  chromosomes  {e.g.,  in  the  higher 
plants,  Spinacia,  Haga,  1935  ;  Taxus,  Dark,  1932  ;  in  the  Poly- 
chaeta,  Ophryotrocha,  Huth,  1933,  and  in  the  Amphibia  ;  in  eleven 
out  of  thirty  species  of  the  Hepaticae,  Lorbeer,  1934).  Genetically 
the  same  lack  of  differentiation  is  to  be  inferred  in  Lebisies  and 
Habrobracon.  But  where  complex  genetic  differences  distinguish 
the  two  sexes  we  find  complex  differences  between  their  chromo- 
somes, either  in  their  form  or  in  their  relative  behaviour  at  meiosis. 
Many  observations  bear  witness  to  the  importance  of  structural 
change  in  the  development  of  the  sex  chromosomes,  e.g.,  fusion  in 
Mermiria,  fragmentation  in  Phragmatobia,  Metapodiiis,  and  Alydus, 
translocation  in  Drosophila  species,  interchange  in  Humulus. 

The  question  then  arises  as  to  how  a  group  of  differences  can  act 
as  a  permanent  unit  in  inheritance  since  crossing-over  is  a  general 
property  of  pairing  chromosomes,  how,  in  other  words,  a 
differential  segment  can  develop.  The  most  obvious  explanation 
is  that  the  sex  factors  arise  in  association  with  structural  changes. 
Small  relatively  translocated  or  inverted  segments  evidently  have 
little  chance  of  crossing-over.  This  hypothesis  is  an  expression  in 
cytological  terms  of  Muller's  suggestion  (1918)  that  the  differences 
between  complexes  in  (Enothera  and  between  X  and  Y  chromosomes 
in  the  sex  heterozygote  were  due  to  the  association  of  lethal  factors 
with  crossing-over  suppressors.  We  now  know  that  structural 
changes  may  combine  these  two  functions  (of  which  the  first  is 
largely  superfluous  in  sex  differentiation).  However,  a  variety  of 
evidence  indicates  that  structural  changes  have  not  been  the 
primary  agent  in  the  suppression  of  crossing-over  and  the  con- 
ditioning of  differentiation. 

Suppression  of  crossing-over  might  equally  be  supposed  to  be 
genotypically  determined.  This  suppression  would  permit  the 
development  of  structural  differences  which  would  themselves 
secondarily  prevent  crossing-over.  The  evidence  that  this  is  the 
origin  of  differentiation  is  both  genetical  and  cytological,  as 
follows : — 

(i)  Precocity  of  the  sex  chromosomes  combined  with  pairing  by 
1 3rminal  affinity,  or  precocity  of  parts  of  them,  leading  to  localisation 
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of  chiasmata  and  crossing-over,  is  a  reaction  of  the  chromosomes 
to  a  genetic  property  of  the  organism.  Locahsation,  for  example, 
is  found  in  Fritillaria  Meleagris,  but  not  in  F.  imperialis. 

(ii)  Abnormal  forms  of  meiosis  are  characteristic  of  one  sex  in 
the  Coccidae  and  in  the  Diptera,  and  affect  equally  like  and  unlike 
chromosomes.  They  must  therefore  be  determined  by  a  genetic 
property  and  not  by  hybridity  as  such. 

(iii)  Crossing-over  is  generally  reduced  in  sex  heterozygotes 
relative  to  the  homozygotes  in  the  autosomes  as  well  as  in  the  sex 
chromosomes.  This  points  to  a  unitary  and  therefore  genotypic 
control  of  the  difference  (Haldane,  1922  ;  cf.  Huxley,  1928  ;  Crew 
and  KoUer,  1932). 

(iv)  The  mechanism  of  reciprocal  crossing-over  in  Drosophila 
must  be  genotypically  determined,  since  it  does  not  occur  in  the 
female,  and  could  not  be  due  to  a  structural  difference. 

These  remarks  suggest  the  means  by  which  crossing-over  may 
be  suppressed,  viz.,  non-pairing  and  localised  pairing  due  to  non- 
precocity  or  reduced  precocity.  The  incidence  of  non-precocity 
and  abnormal  meiosis  will  be  discussed  later  (Ch.  X).  Localisation 
is  less  easily  detectable.  It  may  be  of  two  kinds.  Most  commonly 
sex  chromosomes  that  appear  to  have  paired  normally  during 
prophase  are  associated  by  terminal  chiasmata  at  metaphase,  as 
in  all  plants.  In  these  the  localisation  must  be  near  the  distal 
ends  of  the  chromosomes,  and  therefore  terminalisation  will  occur 
rapidly  and  the  original  position  of  chiasmata  will  not  be  ascertain- 
able. The  differential  segments  will  then  be  proximal  and  the 
pairing  segments  distal  {v.  Fig.  115).  This  condition  is  the  same 
as  that  in  the  complex-heterozygote.  A  second  possibility  is  that 
localisation  occurs  as  in  Mecostethus  and  Fritillaria  in  the  neigh- 
bourhood of  the  centromere.  When  this  was  median  and  both 
arms  were  differentiated,  chiasmata  with  reciprocal  cross-overs 
would  need  to  be  regularly  formed  to  maintain  the  differentiation 
of  the  X  and  Y  chromosomes  as  in  male  Drosophila  where  visible 
crossing-over  is  consequently  suppressed. 

The  best  recognised  change  conditioned  by  the  suppression  of 
crossing-over  between  the  differential  segments  is  the  change  to 
inertness  in  the  differential  segment  of  the  Y,  a  change  evidently 
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• 
conditioned,   as   Muller   pointed   out    (1918)   by   its   crossing-over 

being  completely  suppressed.     This  inertness  may  be  shown  by  the 

fact  that  the  entire  Y  can  be  lost  with  no  effect  on  the  fly,  apart 

from  sterility,  in  Drosophila  melanogaster  (Bridges,  1916  ;    Stern, 

1929),  and  in  Banasa  and  Metapodius  (Wilson,  1905,  1928).     It 

may  also  be  shown  by  the  inertness  of  fragments  that  are  derived 

from  the  Y.     As  many  as  six  may  be  found  in  Metapodius  without 

apparent   effect.     Similar  fragments  are  found  in  the  Tettigidae 

(Robertson,    1916)    and   probably    in  Blaps    lusitanica    (Nonidez, 

1921). 

In  Drosophila,  for  a  reason  that  is  not  apparent,  the  inertness 
extends  to  the  pairing  segments  of  X  and  Y  (Muller  and  Painter, 
1932).  Possibly  this  change  is  general,  for  inert  fragments  probably 
derived  from  X  are  found  in  Alydus  (Reuter,  1930)  and  elsewhere 
(cf.  Table  16). 

(viii)  The  Evolution  of  Sex  Chromosomes.  According  to  these 
different  systems  of  crossing-over  restriction,  and  the  progressive 
changes  that  are  conditioned  by  them,  we  may  trace  the  develop- 
ment of  the  sex  chromosomes,  from  their  uniform  beginning  of 
minimum  differentiation  to  their  uniform  end  of  the  obliteration  of 
the  Y,  by  various  different  routes  (cf.  Diagram,  Fig.  115).  These 
steps  represent  the  possible  direct  series  of  evolutionary  changes. 
Such  series  may  be  interrupted  at  any  point,  as  we  have  seen,  by 
the  establishment  of  a  new  mechanism  in  autosomes  which  will 
usually  begin  again  at  the  first  step. 

The  evidence  shows  that  the  differentiation  of  sex  chromosomes 
evolves  by  the  following  steps  : — 

1.  Origin  of  a  gene-pair  (the  sex  differentials)  whose  segregation 
determines  the  opposite  sexes. 

2.  Genotypic  suppression  of  crossing-over  in  the  region  of  the 
sex  differentials. 

3.  Structural  and  gene  changes  in  this  region,  making  it  into  a 
differential  segment. 

4.  Special  gene  changes  preserved  which  render  the  differential 
segment  of  Y  inert  and  give  that  of  X  a  new  internal  balance  to 
compensate  for  the  inertness  of  Y  (Muller,  1932). 

5.  Further  structural  changes  may,  first,  include  autosomes  in 


EVOLUTION   OF   SEX 


393 


the  sex-differential  system  by  interchange,  secondly,  reduce  the 
pairing  segment  to  little  or  nothing,  in  which  case  a  new  method  of 
pairing  becomes  necessary  ;  and,  thirdly,  eliminate  the  Y ,  when 
an  adapted  segregation  mechanism  becomes  necessary. 

Table  58 
Primitive  and  Advanced  Types  of  Sex  Determination 


Rana-Lebistes-Melandrium-Rumex  Type. 


Sex  determination  : 
Partly   by   difference   between 
XX  and  XY. 

Crossing-ovev  : 
Occurs    between    pairing    seg- 
ments of  X  and  Y  and  hence 
partial  sex  linkage  occurs. 

Differential  segments  of  X  and  Y  : 
They  are  a  small  fraction  and 
pairing  is  regular. 

Recessive  factors  in  X  : 
Show    in    XY    individuals    in 
reduced  effect  (Winge,  1931). 


Drosophila-Protenor-Lygctiis  Type. 


Purely  by  difference  in  balance 
between  XfA  and  XX I A . 

Abolished  between  X  and  Y  owing 
to  the  pairing  segment  being 
eliminated  or  inert. 

They  are  a  large  part,  inert  in  Y , 
active  in  X. 

Show  in  XY  individuals  in 
unreduced  effect,  except  those  in 
pairing  segment. 


They    have    the    same    system    of 
sex-determination,  as  a  rule. 


5.  Related  forms  : 

They  are  hermaphrodite 
{Melandriiim,  Rana)  or  have 
an  opposite  system  of  sex- 
determination  {Lebistes  and 
Platypcecilus) . 

6.  Intersexual  forms  appear  in  both  types  either  through  (i)  gene  mutation 

or  hybridisation  in  the  diploid  or  (ii)  different  proportions  of  the  active 
chromosomes  in  polyploid  and  polysomic  forms. 

7.  Variation  in  X  and  Y  : 


Still  largely  related  on  account 
of  the  small  differential  seg- 
ment. Hence  size  difference 
not  extreme. 
Precocity  of  X  and  Y  : 
Absent.  Pairing  segments 
associate  by  chiasmata  in 
prophase. 


Independent  on  account  of  the  large 
differential  segment.  Hence  size 
difference  may  be  slight  or 
extreme. 

Frequent.  Pairing  may  be  post- 
poned to  metaphase  of  the  first 
or  second  division. 


Thus,  if  we  assume  that  the  differentiation  of  X  and  Y  chromo- 
somes has  been  accompHshed  by  a  combination  of  structural  and 
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intra-genic  changes,  and  that  this  combination  has  been  conditioned 
by  a  genotypic  restriction  of  pairing  and  crossing-over,  we  can 
put  the  different  types  of  sex-segregation  in  an  evolutionary  scale 
and  thus  express  their  mechanical  and  historical  relationships  in 
terms  of  the  experimentally  verified  properties  of  chromosomes. 

! 


CHAPTER  X 

THE    BREAKDOWN    OF   THE   GENETIC    SYSTEM  : 
ADVENTITIOUS 

Abnormal  Mitosis — Polymitosis — Failure  of  Pairing  at  Meiosis — Geno- 
typically  and  Structurally  Determined — Failure  of  Chiasmata  and  of  Spindle- 
formation — Non-Reduction  and  Diploid  Gametes — Effects  of  Irradiation  and 
their  Use  in  Experiment. 

Without  contraries  is  no  progression. 

Blake,  Marriage  of  Heaven  and  Hell. 

I.   THE    BREAKDOWN    OF   MITOSIS 

(i)  Introduction.  So  far  we  have  considered  the  origin,  evolution 
and  successful  working  of  genetic  systems  of  increasing  complexity. 
In  them  sexual  reproduction  has  been  built  up  on  a  foundation  of 
mitosis,  meiosis  and  fertilisation.  They  show  the  operation  of  the 
laws  of  heredity  which  have  been  made  out  by  experimental  breeding 
in  such  systems. 

Structural  and  numerical  hybrids  are  an  exception.  In  them 
the  mechanism  of  reproduction  and  the  laws  of  heredity  partially 
break  down.  It  remains  now  to  consider  the  conditions  and 
consequences  of  such  a  breakdown  both  in  hybrids  and  elsewhere. 
We  find  in  the  first  place  that  not  only  meiosis,  but  also  mitosis 
may  suffer  abnormahty.  This  is  particularly  important  because 
here  we  know  that  the  complex  conditions  of  meiosis  and  particularly 
of  hybridity  as  affecting  chromosome  pairing  are  not  concerned. 
Genotypic  and  environmental  factors  are  therefore  readily  distin- 
guished from  structural  factors,  and  they  wiU  be  specially  considered 
later. 

The  occurrence  of  defective  mitosis  is,  however,  necessarily 
limited,  either  to  special  tissues  or  to  slight  and  harmless 
irregularities,  for  this  reason  :  any  generally  distributed  and  gross 
abnormality  of  mitosis  will  immediately  stop  the  development  of 
the  organism,  and  ultimately  kill  it. 
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The  commonest  type  of  breakdown  in  mitosis  is  the  failure  of 
two  nuclei  to  be  formed  at  anaphase  or  their  fusion  at  telophase 
to  give  a  fusion  nucleus  with  double  the  ordinary  number  of  chromo- 
somes. This  abnormality  has  been  described  in  relation  to  the 
origin  of  polyploidy  (Ch.  III).  We  have  seen  that  it  is  conditioned 
by  an  abnormal  environment,  by  injury,  and  so  forth,  as  a  rule. 
It  is  also  often  conditioned  in  its  frequency  by  the  genotype,  some 
species  and  races  being  particularly  liable  to  produce  polyploid 
cells,  either  generally  or  in  certain  tissues.  We  have  also  seen  that 
this  "  syndiploidy  "  is  particularly  frequent  in  the  part  of  the  life 
cycle  approaching  meiosis.  It  is  at  this  stage  also  that  its  genotypic 
conditioning  becomes  most  obvious  (e.g.,  in  Datura).  It  is  then 
often  accompanied  by  other  irregularities  of  mitosis.  In  Drosophila 
simulans  one  of  these  affecting  the  premeiotic  divisions  in  the  ovary 
as  well  as  the  cleavage  divisions  in  the  egg,  has  been  referred  to  the 
action  of  a  particular  gene  (Sturtevant,  1929). 

The  reverse  effect  of  loss  or  breakage  of  particular  chromosomes 
is  determined  by  particular  genes  in  Drosophila,  but  the  mechanism 
seems  to  be  structural,  since  only  the  chromosomes  carrying  the 
genes  in  question  are  affected  (Bridges,  1925  h  ;    Stern,  1927). 

(ii)  Pollen  Grains  and  Spermatids.  Of  the  genotypically  controlled 
abnormalities  of  mitosis,  the  most  significant,  the  permanent  and 
polyploid  prophase  in  salivary  glands,  has  already  been  described. 
Here,  of  course,  we  are  dealing  with  nuclei  which  will  never  divide 
again.  In  pollen  grains,  on  the  other  hand,  abnormalities  involve 
sterility  and  are  therefore  limited  to  aberrant  conditions  or  geno- 
types. Abnormalities  of  development  are  frequent  in  them,  such 
as  the  embryo-sac-like  pollen  grain  in  Hyacinthus  (Stow,  1930  et 
alii),  but  these  do  not  involve  abnormalities  of  mitosis. 

A  minor  abnormality  of  mitosis  is  found  in  species  of  Fritillaria 
and  Tulipa  (D.,  1936  ;  Upcott,  1936).  Here  in  certain  pollen- 
grains  a  group  of  correlated  differences  in  behaviour  is  found. 
First,  the  chromosomes  are  more  condensed  than  usual.  Secondly, 
their  centromeres  do  not  synchronise  in  division,  i.e.,  in  beginning 
the  anaphase  separation  ;  the  chromosomes  do  not  lie  on  a  flat 
plate,  but  are  irregular  both  in  their  distribution  and  orientation. 
Thirdly,  their  distribution  is  more  confined  to  the  periphery  of  the 
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spindle  in  the  way  that  is  characteristic  of  animals  having  the 
"  hollow  spindle."  These  differences  can  probably  be  related  best 
by  supposing  that  there  is  an  irregularity  in  the  timing  relationship 
of  the  spindle  and  of  the  chromosomes  which  as  we  shall  see  later 
are  independent  but  usually  co-ordinated  factors  in  metaphase  and 
anaphase  movements. 

(iii)  Polymitosis.  Meiosis  may  be  more  or  less  effectively 
replaced  by  mitosis  under  special  genetic  conditions — less  effectively 
in  adventitious  mutants  such  as  asynaptic  maize,  more  effectively 
in  races  with  adaptive  parthenogenesis  (v.  Ch.  XI).  It  is  equally 
to  be  supposed  that  mitosis  might  ander  special  genetic  conditions 
be  replaced  by  meiosis.  This  is  possibly  so  at  an  early  stage  in  the 
testis  of  Icerya  and  in  the  antheridia  in  the  diploid  gametophytes 
of  some  aposporous  ferns  (v.  Chs.  IX  and  XI)  where  the  normal 
occurrence  of  meiosis  is  also  omitted,  in  compensation.  The 
simple  intercalation  of  meiosis  is,  of  course,  bound  to  be  destructive 
of  the  normal  sexual  cycle,  and  cannot  therefore  be  expected  save 
in  abnormal  conditions  or  as  an  adventitious  mutation.  In  this 
way  it  seems  to  have  been  discovered  in  the  form  of  supernumerary 
divisions  in  the  pollen  grains  of  races  of  Zea  Mays  by  Beadle  (1931). 
This  property  of  having  "  polymitosis  "  is  inherited  as  a  mendelian 
recessive  character. 

In  an  abnormal  plant  the  four  nuclei  of  the  pollen  tetrad  formed 
by  a  normal  meiosis  enter  into  a  prophase  condition  soon  after  the 
end  of  the  second  division.  The  chromosomes  are  still  single  at  the 
early  stages  but  are  certainly  sometimes  double  at  metaphase,  when 
it  is  found  that  occasional  pairs  are  formed,  characteristic  bivalents 
with  single  interstitial  and  terminal  chiasmata  (Plate  X).  At 
metaphase  the  chromosomes  have  the  extra  contraction  found  at 
meiosis  ;  they  sometimes  form  a  metaphase  plate,  but  they  are 
usually  scattered  over  the  spindle  and  are  distributed  at  random  to 
the  two  poles  at  anaphase.  The  chromosomes  have  not  been  seen 
to  divide  at  their  centromeres,  but  probably  do  so  occasionally. 
Their  behaviour  is  therefore  the  same  as  that  of  univalents  at 
meiosis.  This  mitosis  is  followed  immediately  by  two  or  three 
more,  and  cell-walls  are  formed  between  the  products.  Thus  10 
chromosomes  or  a  few  more  are  distributed  to  8,  16  or  32  cells, 


398  BREAKDOWN   OF   GENETIC   SYSTEMS 

most  of  which  presumably  have  only  one  chromosome.  Fragments 
are  occasionally  found.  The  pollen  is  entirely  sterile,  but  nearly 
10  per  cent,  of  the  embryo-sacs  are  viable  and  haploid,  owing  to  the 
failure  to  form  separate  daughter-nuclei  after  division  or  to  less 
abnormality. 

It  will  be  observed  that  the  first  of  these  divisions  has  the  property 
of  beginning  precociously,  which  in  itself  enables  one  to  predict  its 
later  course  on  the  precocity  theory.  This  division  corresponds  in 
certain  essentials  to  the  first  meiotic  division  in  a  haploid.  The 
occurrence  of  pairing  is  analogous  to  that  at  meiosis  in  haploid 
(Enothera  [v.  Ch.  VIII).  It  does  not  occur  in  pollen  grains  with 
reduplicated  segments  or  whole  chromosomes  (Beadle,  1933).  This 
is  not  surprising,  since  unbalance  as  well  as  particular  genes  found 
in  inbred  stocks  will  reduce  chiasma-frequency  in  Zea  (Randolph, 
1928;  McClintock,  1929  a;  D.,  1934;  Beadle,  1933  a).  The 
appearance  of  fragmentsis  expe  cted  on  the  chiasmatype  hypothesis, 
because  crossing-over  at  chiasmata  between  relatively  translocated 
segments  will  give  new  chromosome  types  large  and  small. 

The  abnormality  differs  from  meiosis  in  that  it  is  reiterative,  so 
far  as  the  spindle  is  concerned,  while,  on  the  other  hand,  the  centro- 
meres may  never  divide  at  all ;  the  conditions  that  determine  it  persist 
as  long  as  there  are  chromosomes  to  divide,  while  in  meiosis  it  is 
assumed  that  the  special  conditions  determining  precocity  act  once 
for  all  at  the  prophase  of  the  first  division  and  determine  the  second 
division  only  through  their  effect  on  chromosome  behaviour  at  the 
first. 

Supernumerary  divisions  which  are  striking  in  their  similarity 
to  those  in  Zea  have  been  found  in  a  Drosophila  pseudo-obscura 
race-hybrid  with  a  genotypically  abnormal  meiosis  (Dobzhansky, 
1934).  Here  a  new  generation  corresponding  to  the  plant  gameto- 
phyte  is  introduced  into  the  animal's  life-cycle  after  meiosis  ;  this 
is  associated  with  meiosis  being  pushed  back  two  or  three  divisions 
in  development.  Unlike  the  polymitosis  in  Zea,  the  divisions  are 
not  precocious  and  are  separated  from  one  another  by  resting 
stages  during  which  the  chromosomes  divide.  Moreover,  no 
separation  of  the  daughter  cells  occurs.  Consequently  neighbouring 
mitoses  fuse  and  multipolar  spindles  are  formed.     The  poles  are 
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determined  by  centrosomes  which  thus  keep  pace  in  division  with 
the  chromosomes.  The  spermatids  are  originally  tetraploid  through 
double  non-reduction  and  by  three  polymitotic  divisions  become  ^2x. 
The  two  abnormalities  considered  together  show  the  independence 
of  the  spindle  development  from  chromosome  division  on  the  one 
hand,  and  from  cell  division  on  the  other.  They  indicate  by  their 
consistency  that  some  body  like  the  centrosome,  visible  or  invisible, 
must  always  be  responsible  for  its  perpetual  renewal. 

2.    THE    BREAKDOWN   OF   MEIOSIS 

(i)    Evidence  of  Genotypic  Control.     We  have  seen  how  chromo- 
some pairing  may  fail  in  genotypically  and  environmentally  normal 

( }  J  ♦  I  ^ J 

Fig.  122. — First  metaphase  and  anaphase  in  two  sister  seedlings 
of  Loliiim  perenne  [n  =  7)  showing  genotypic  control  of  chromo- 
some size.      X  2000  (Thomas,  1936). 

conditions  as  a  result  of  structural  or  numerical  abnormahty, 
especially  in  hybrids.  We  shall  later  consider  the  results  of  this 
failure  in  detail.  But  we  must  first  find  out  in  what  ways  and  to 
what  extent  the  course  of  meiosis  may  be  affected  by  genotypically 
abnormal  conditions.  The  evidence  by  which  we  can  decide  that 
genotypic  abnormality  is  concerned  and  structural  abnormality  is 
not,  is  of  various  kinds. 

First,  there  are  true  breeding  organisms  whose  abnormality  is 
inherited  on  crossing  as  a  mendelian  character  (e.g.,  Zea,  Datura, 
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Crepis,  Matthiola)  or  is  segregated  by  inbreeding  (Zea,  Randolph, 
1928  ;  Secale,  Lamm,  1936).  Secondly,  there  are  organisms  which 
differ  from  the  normal  merely  in  having  one  chromosome  or 
part  of  a  chromosome  too  few  or  too  many  {Avena,  Allium,  Primula 
kewensis).  In  these,  abnormal  meiosis  is  determined  by  unbalance. 
Thirdly,  there  are  hybrids  in  which  one  sex  (or  kind  of  mother-cell) 
has  normal  pairing  of  chromosomes  which  do  not  pair  in  the  other 
sex  and  do  not  pair  even  when  the  chromosome  number  is  doubled 


Table  59 

Chromosome  Pairing  in  Two  Strains  of  Crepis  capillaris  and  in  Their 
Hybrids  by  C.  tedorum  (HoUingshead,  1930  h,  cf.  Tables  22  and  26). 


3" 

2" 

I" 

0" 

C.  capillaris  (2w  =  6).     Normal  strain  . 
A'  strain  (different  plants)       .            ^ 

219 

63 
84 

20 

5 

9 
62 

78 

4 

— 

C.  capillaris  X  C.  tedorum  (2w  =  7). 
Normal  strain  (different  plants)         \ 

X  strain  (different  plants) 

47 

34 
32 
16 

16 
49 
44 
39 

15 

44 
31 

3 
45 

38 

C.  capillaris   X   C.  tedorum  {'ix  =   10, 
C  C  T),  believed  X  strain  derivative . 
{N.B. — Trivalents  rare). 

usual 

rare 

— 

— 

7" 

6" 

5" 

411 

{^x  =  14.  C  C  T  T,  X  strain  derivative) 

22 

18 

8 

I 

(e.g.,  Viola  Orphanidis,  Drosophila  pseudo-obscura,  Smerinthus  and 
Pygcera  hybrids).  Similarly  sister  progeny  in  back-crosses  or 
FgS  may  show  sharp  differences  in  regard  to  chiasma-frequency  and 
chromosome  pairing  which  must  be  due  to  segregation  of  specific 
genetic  factors  and  not  to  particular  structural  differences,  since  all 
the  chromosomes  are  equally  affected.  Thus  Peto  (1934)  found  the 
following  chiasma- frequencies  :  Lolium  perenne,  i-8i  ;  Festuca 
pratensis,  1-88  ;  Fj,  171  ;  Fg,  5  plants  1-57  to  i-8o  ;  2  plants  with 
defective  pairing  0-80  and  0-62.     Again  in  a  tetraploid  backcross 
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of  derivatives  of  this  hybrid  to  F.  anindinacea  (6x  =  42)  some 
seedhngs  had  seven  bivalents  and  fourteen  univalents,  while  others 
had  complete  pairing. 

Finally,  there  are  organisms  in  which  the  later  stages  of  meiosis 
are  abnormal,  although  the  earlier  stages  showed  no  defect  in 
pairing. 

The  evidence  of  genotypic  control  may  thus  be  direct  or  it  may 


Table  60 

The  Causal  Relationships  of  Different  Kinds  of  Non-pairing  of 
Chromosomes  at  Meiosis. 


General 
Character 

Genotypic 

Abnormality 

("  Asynaptic  " 

Mutants) 

Lack  of 

Genotypic 

Adaptation  to 

Structural 

Conditions 

(New  fragments) 

Structural 

Differences 

(Structural 

hybrids) 

Numerical 

Abnormality 

(Trisomies, 

Triploids,  etc.) 

Chromosomes 
affected. 

Special 
condition. 

All  chromo- 
somes. 

Lack  of 
precocity. 

Reduced 
pachytene 
pairing 
(to  a 
variable 
extent). 

Particular 
chromo- 
somes. 

Chromosomes 
too  short. 

Length  of 
pairing 
shorter  than 
the  average. 

Some     or     all 
chromo- 
somes. 

Frequent 
changes       of 
homology  in 
linear 
sequence. 

Some       or       all 
chromosomes. 

Lack  of  partner 
for      part      of 
length      owing 
to                com- 
petition. 

First 
result. 

Reduced   pachytene   pairing    (to 
a  variable  extent). 

Second 
result. 

Numbers  of  chiasmata  forrr 
phase  pairing. 

led  insufficient  for  regular  meta- 

merely  exclude  the  possibility  of  structural  control.  The  exclusion 
of  environmental  control  is  not  important  for  an  analysis  of  the 
mechanism,  since  in  effect  it  is  analogous  and  in  function  it  is 
complementary  to  genotypic  control.  Thus  in  Allium  odonim 
(Modilewski,   1930),   which   is   true-breeding,   embryo-sac   mother- 
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cells  vary  in  the  number  of  their  bivalents  from  none  to  the  full 
sixteen  under  environmental  and  genotypic  control  {cf.  Saccharum, 
Bremer,  1930  ;  Kniphofia,  Moffett,  1932).  The  same  is  true  of 
differences  of  behaviour  in  different  cycles  of  cyclical  parthenogenesis 
as  in  Phylloxera  (Morgan,  1915,  Ch.  IX).  Particular  treatment 
with  heat  and  other  agents  has  produced  effects  on  meiosis  analogous 
to  those  resulting  from  abnormal  genotypic  conditions,  but  less 
precise  and  less  significant  (De  Mol,  1928,  1933  ;  Stow,  1930). 

The  occasional  failure  of  pairing  between  partners  that  normally 
pair  in  approximately  true-breeding  organisms  (Table  61)  may 
arise  from  many  causes.  In  some  cases  the  shortest  chromosome  is 
affected,  and  we  may  then  suppose  that  the  margin  of  safety  in 
chiasma-formation  is  too  small  and  environmental  conditions  are 
directly  responsible.  The  particular  mechanism  will  probably  be 
associated  with  the  high  variance  in  chiasma  frequency  between 
bivalents  and  the  low  variance  between  nuclei  which  Mather  has 
ascribed  to  "  competition  "  (Ch.  VII).  Where  long  chromosomes 
are  affected,  or  the  nucleus  is  polyploid,  we  may  suppose  that 
exceptionally  awkward  distribution  in  the  zygotene  nucleus  has 
prevented  the  chromosomes  from  pairing  in  time. 


Table  61 


Exceptional  Failure  of  Pairing  not  due  to  Hybridity 


Diploids. 

Nicotiana  alata  {2n  =  18) 

Zea  Mays  {2n  =  20)    . 
Ranunculus  acris  {2n  =  14) 
Cycas  revoluta  {2n  =22) 
Dorstenia  plumaricafolia  {2n  =  26) 
Crepis  capillaris  {2n  =  6) 
Trimerotropis  citnna  ^  {2n  =  23) 
Uvularia  grandiflora  {2n  =  14) 
Secale  cereale  {2n  =  14) 
Scilla  italica  {2n  =  16) 
Fritillaria  pontica  {2n  =24) 
Chorthippus  parallelus  [S  chromo- 
some)    .... 
Mecostethus  grossus  {2n  =  23) 
Stauroderus  bicolor  {L  chromosome) 
Triploid 

Narcissus  poetarum  [jx  =  21) 


Ruttle,     1927  ;  Goodspeed     and 

Avery,  1929  a. 

Randolph,  1928. 

Sorokin,  1927  b  ;   Larter,  1932. 

Nakamura,  1929. 

Krause,  1931  (?  fragments). 

Hollingshead,  1930  b  {v.  supra). 

Carothers,  1931  (unequal  bivalent). 

Belling,  1925  c. 

Mather  and  Lamm,  1935. 

Dark  (1932  c,  Fig.  12  3)  ^  ^, 

\  ^j      '      o      J/    Chromosomes 


'!■ 


D-,  1935^ 

D.,  1936 
White,  1936 
D.,  1936. 


Nagao,  1929  (61"  -f  y). 


with  lowest 

chiasma- 

frequency. 
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Tetraploids 

Nicotiana  Tahacum  {4X  =  48) 
Prunus  Cerasus  {4X  =  32)    . 
Primula  sinensis  {4X  =  48) 
Campanula  persicifolia  {4X  =  32) 
Triticum  durum  {4X  =  28)    . 
Tulipa  stellata  {4X  —  48) 
Kniphofia  sp.  {4X  =  24) 

Hexaploids 

Triticum  vulgar e,  etc.  {6x  =  42) 

Octoploid 

Bromus  erectus,  eu-erectus  {8x  =  ^6) 


R.  E.  Clausen,  1930,  1931. 

D.,  1928. 

D.,  1931  a. 

Gairdner  and  D.,  1931. 

Thompson  and  Robertson,  193 1. 

D.  and  Janaki-Ammal,  1932. 

Moffett,  1932. 

Hollingshead,  1932. 

Kattermann,  1931  {v.  Table  31). 


Hh^  '{(^^ 


a  2132033  e      i 

Fig.  123. — Side  views  of  two  first  metaphases  in  Scilla  italica  (w  =  8), 
the  chromosomes  drawn  separately.  The  numbers  of  chiasmata 
are  given  below  each  bivalent.  Right  :  the  two  shortest  chromo- 
somes are  unpaired,  having  failed  to  form  one  chiasma.  An 
example  of  lack  of  adaptation  of  chiasma  frequency  to  the  range 
of  chromosome  size  as  in  organisms  with  new  fragments. 
(After  Dark,  1934.) 


Genotypically  controlled  abnormalities,  like  those  of  structural 
origin,  vary  in  degree  from  cell  to  cell  and  the  consequences  of  their 
variations  can  be  ascertained.  But  genotypic  abnormalities  are 
particularly  important  for  the  analysis  of  meiosis  and  of  chromosome 
mechanics  in  general,  because  unlike  those  that  are  of  structural 
origin  they  show  themselves  at  different  stages.  The  effects  of 
divergence  at  each  stage  on  the  later  stages  can  therefore  be  com- 
pared and  the  degree  to  which  successive  events  are  independent 
or  otherwise  can  be  determined.  Sometimes  this  is  not  possible, 
because  either  the  abnormality  of  behaviour  is  spread  over  a 
considerable  space  of  time,  or  it  is  undefined  in  its  nature  (or  in  the 
description  that  is  available).  In  other  cases  precise  conclusions 
may  be  drawn. 
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Table  62 

Classification  of  Genotypically  Conditioned  Abnormalities 

of  Meiosis 

I.  Failure  of  Metaphase  Pairing  due  to  Failure  of  Chiasm  a  Formation 
UNDER  Ascertained  Conditions. 


Not  Associated  with  Semi-mitotic  Contraction. 


Zea  Mays  (asynaptic)    .... 
Datura  Stramonium  (bb) 
Crepis  capillaris  ("  X-strain  ") 
Triticum  vulgare  *  .  .  .  . 

(6)  Associated  with  Semi-mitotic  Contraction. 
Matthiola  incana  (long-chromosome  type) 


Beadle,  1930,  1933  b. 
Bergner  et  alii,  1934. 
Richardson,  1935  c. 
Hollingshead,  1932. 


Lesley     and     Frost, 
Philp  and  Huskins, 

Shimotomai,  193 1  h. 
Lamm,  1936. 


Chrysanthemum   (small  nuclei  from  pre- 

meiotic  irregularity) 
Secale  cereale  (inbred)    .... 
Ascaris  megalocephala  bivalens   (one 

individual) Geinitz,  191 5. 

(c)  Associated  with  Timing  Irregularities. 
Ochna  serrulata  (facultative  parthenogenctic 

embryo-sac  mother-cell) 

Eu-Hieracium  spp.  (parthenogenctic) 

Nicotiana  Tabacum  (variety  with  un- 
reduced gametes)       .... 

Aticuba  japonica  *  .... 

Primus  hybrids  *  .  .  .  . 

Triticum  vulgare  *  .  .  .  • 

Drosophila  pseudo-obscura,  inter-race 
hybrids    ...... 

(d)  Under  Undefined  Cytological  Conditions. 
Nicotiana  alata  {2X  +1) 
Nicotiana     Tabacum     {"  Pale     sterile  "), 


1927 
1931- 


Chiarugi  and  Francini,  1930. 
Rosenberg,  1927. 

Rybin,  1927. 
Meurman,  1929  a. 
D.,  1930  a. 
Hollingshead,  1932. 

Dobzhansky,  1934. 

Avery,  1929. 

R.  E.  Clausen,  1930,  1931. 


^x  +  1     . 
Triticum  vulgare    X 

line  derivative 
Triticum  vulgare  {6x  — 
Avena  sativa  (6x  —  2s^ 


T.  durum,  6x  pure 

-2)  :     :    : 


Sorghum  sp.  ..... 

Primula  kewensis  {4X  —  2)     . 

Primula  malacoides        .... 

Hevea  sp.     ...... 

Viola  Orphanidis  (male  sterile) 

Rumex  Acetosa  ^  .... 

Angiostomum,       Rhabditis      and       other 

Nematoda  {X  chromosomes  in  special 

circumstances,  Ch.  IX). 
PygcBra  pigra    X    P.    curtula   S    (nearly 

complete  pairing  in  female) 


L.  A.  Sapehin,  1931. 
Huskins  and  Hearne,  1933. 
Huskins,    1927  ;     Nishiyama, 

1931.  1933.  1935- 
Huskins  and  Smith,  1932. 
Newton  and  Pellew,  1920. 
Kattermann,  1934. 
Ramaer,  1935. 
J.  Clausen,  1930. 
Yamamoto,  1934. 


Federley,  1931. 


*   Irregularities    in    particular    cells    with    reduced    pairing    or    restitution 
nuclei  resulting  from  reduced  pairing. 
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Partial  Failure  of  Spindle  and  Cell-wall  Formation  at  First  or 
Second  Div^ision. 

Kniphofia  Nelsoni  ....      Mofifett,  1932. 

Cannabis    sativa    (with    environmentally 

controlled  dioecism)  .  .  .      Breslawetz,  1935. 


Smith.  1935. 
Beadle,  1933  {^)* 
V.  Berg,  I934-* 
Dobzhansky,  1934. 


Impatiens  pallida 

Zea  Mays  (variable  sterile) 

Triticum  turgido-villosiim 

Drosophila  psendo-ohscura 

Lathyrus  odoratus  (race  with  delayed  first 

metaphase  and  complete  terminalisation)  Faberge  1936;    Upcott,  1936, 

2.  (a)  Total  Failure  of  Second  Division  Spindle. 

Datura  Stramonium  (stock  derived  from 

radium-treated  plants)        .  .  .      Satina  and  Blakeslee,  1935. 

Allium,  schcenoprasum  (?^  +  3)        .  .  )   t  -  i, 

A         4         /^      I      \  h  Levan,  19350. 

A.  nutans  {^x  -f  2)         .  .  .  .  j  ^^ 

SphcsrocarpHS  Donnellii  (possibly).  .      Allen,  1935. 

I.  or  2.  Failure  of  Pairing  at  First  or  Second  Division  induced   by 
Treatment  {cf.  Table  65). 

(ii)  Failure  of  Metaphase  Pairing.  In  all  cases  of  the  genotypic 
reduction  or  suppression  of  metaphase  pairing  there  is  some 
pachytene  pairing,  except  in  certain  parthenogenetic  organisms 
where,  as  we  shall  see,  all  relationship  with  meiosis,  except  position 
in  the  life-cycle,  is  lost.  The  circumstances  in  which  pairing  fails 
are  clearly  defined  only  in  the  "  asynaptic  "  strains  of  Crepis  and 
Zea,  in  both  of  which  metaphase  pairing  is  variable  and  the  frequency 
of  chiasmata  varies  from  normal  to  none  at  all.  In  these  plants 
pachytene  pairing  seems  to  be  fairly  complete  as  a  rule,  but  at 
diplotene  the  chromosomes  gradually  fall  apart.  Their  separation 
is  delayed,  especially  in  Crepis,  by  the  untwisting  of  the  relational 
coiling  that  has  developed  during  pachytene.  From  this  account 
it  might  appear  that  the  abnormality  began  with  the  failure  of 
chiasma-formation  in  a  previously  normal  pachytene  nucleus.  But 
it  is  found  that  where  failure  of  chiasmata  is  absolute,  pachytene 
is  also  very  defective,  e.g.,  in  Hevea.  Where  it  appears  complete, 
chiasmata  are  always  formed  in  a  proportion  of  nuclei — a  proportion 
subject  to  great  local  variation.  Thus  in  Crepis  one  bivalent  may 
have  three  chiasmata,  while  none  of  the  other  chromosomes  in  the 
same  nucleus  have  any  :  they  are  unpaired  as  soon  as  they  are 
uncoiled. 

*  A  tripolar  spindle  is  sometimes  formed  at  the  first  metaphase. 


4o6 


BREAKDOWN   OF  GENETIC   SYSTEMS 


It  is  easier,  therefore,  to  suppose  that  the  failure  of  chiasmata 
springs  from  a  failure  of  true  pachytene  pairing,  such  as  has  been 
determined  with  ordinary  localisation,  rather  than  as  a  new  un- 
explained abnormality  of  chiasma-formation.  Thus  pachytene 
pairing  may  begin  normally  in  these  plants,  but  be  interrupted  as 


Pre-Meiohc 
Mifbsis: 

Packyte/\e: 

Cf\ias/j\a-' 
For/r\at/o/\: 


A^a.I: 


Genotypic 
Abnormal!  ty 


NORMAL 

\ 


Vv 


A.ajr(g)  ©  ^'* 


Poif-Mdotic 


\  \         \ 


Mitdiiy.      m. 


/    \     J^      \ 


/         /  \     J^^ 


/   \ 


oK 


Nor\- RehKJction    Deafk      Polymifbm    Rchucfor^ 


Structural 
Hybrid/ty 


@ 


\\ 


< 


\i^ 


\ 


\  / 


Deork 


Noa-Rth\jct'ior\ 


Fig.  124. — Diagram  to  show  the  differences  between  abnormahties 
of  meiosis  due  to  genotypic  and  structural  causes  (c/.  Table  62). 

it  is  with  localisation  by  division  of  the  chromosomes.  It  will 
then  continue  as  torsion  pairing  in  the  intercalary  unpaired  regions 
but,  owing  to  the  chromosomes  having  already  divided,  will  give  no 
chiasmata  in  these  parts.  It  will  be  effectively  incomplete.  As 
we  shall  see  later,  there  is  reason  to  suppose  that  paired  chromo- 
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somes   cross   over   and   form   chiasmata  only  at   the   moment  of 
division . 

On  this  view  failure  of  metaphase  pairing  is,  like  localisation,  a 
result  of  reduced  precocity,  but  unHke  localisation  it  is  a  disordered 
result  ;  it  depends  on  an  incomplete  pairing  at  pachytene,  which  is 
variable  in  its  distribution,  and  gives  rise  to  a  reduced  chiasma 


I8jo 
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Fig.  125. — Different  degrees  of  reduced  precocity  and  reduced 
pairing  in  different  inbred  plants  of  Secale  cereale.  X  1000. 
(Lamm,  1936.) 

formation,  which  is  variable  in  its  frequency.  This  assumption 
explains  the  enormous  variation  in  chiasmata  from  nucleus  to 
nucleus  as  the  result  of  variable  precocity  and  the  enormous  varia- 
tion from  bivalent  to  bivalent  in  the  same  nucleus  as  the  result  of 
chance  variation  in  position  of  the  homologous  threads  in  the 
zygotene  nucleus.  We  might  then  expect  as  a  s5miptom  of  reduced 
precocity,  a  reduced  contraction  of  the  chromosomes  at  metaphase. 
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This  is  not  by  any  means  inevitable,  since  the  first  timing  abnormaUty 
leads  to  others  (Table  62,  Fig.  124),  and  sometimes,  as  we  shall  see, 
upsets  the  development  of  the  spindle,  which  itself  determines 
metaphase.  We  find,  however,  that  long  "  semi-mitotic  "  chromo- 
somes are  characteristic  of  several  cases  of  reduced  chiasma-forma- 
tion  (Table  62  (i)  (a)  ). 

In  the  absence  of  secondary  abnormalities,  the  effect  of  geno- 
typically  controlled  failure  of  pairing  on  the  later  course  of  division 
is  in  no  way  different  from  that  of  structurally  controlled  failure  of 
pairing.     They  will  be  considered  together  later. 

(iii)  Failure  of  the  Spindle.  In  particular  races  of  a  number  of 
species  pairing  of  the  chromosomes  at  meiosis  is  complete  and 
regular,  but  the  chromosomes  or  daughter  nuclei  fail  to  separate 
at  anaphase  of  the  first  or  second  division.  Or  if  they  separate, 
in  plants,  a  cell-wall  fails  to  develop  between  them.  Now,  as  Belar 
and  others  have  found,  the  spindle  changes  in  shape  in  relation  to 
both  the  anaphase  movement  of  the  chromosomes  and  the  formation 
of  the  cell-wall.  This  relationship  suggests  that  both  depend  on  the 
activity  of  the  spindle. 

In  Triticum  the  breakdown  of  the  spindle  leads  to  the  formation 
of  numerous  small  nuclei.  In  inter-race  hybrids  of  Drosophila 
psendo-ohscura  there  is  a  genotypically  controlled  failure  of  pairing. 
Correlated  with  this  abnormality  is  a  premature  stretching  of  the 
spindle  which  bends  within  the  confined  space  of  the  cell.  This  is 
sometimes  a  consequence  of  lack  of  pairing,  as  we  shall  see  later. 
But  in  this  case  it  is  not  a  consequence,  for  nuclei  with  complete 
pairing  have  bent  spindles.  It  is  correlated  with  it  inasmuch  as  it 
occurs  in  the  same  organisms  and  therefore  proceeds  from  the  same 
prior  conditions.  Probably  it  is  due  to  the  spindle  developing  too 
early  in  relation  to  the  chromosomes.  It  seems  that  to  prevent  the 
spindle  stretching  and  bending  it  is  necessary  not  only  to  have 
paired  chromosomes,  but  also  to  have  them  there  at  the  right  time. 
On  the  other  hand,  stretching  does  not  occur  in  another  hybrid  in 
this  species  when  unpaired  chromosomes  are  ready  to  divide  and 
form  a  plate  at  the  first  division  ;  that  is,  when  the  spindle  is  less 
precocious  in  relation  to  the  chromosomes. 

The  opposite  case  of  the  spindle  failing  before  the  chromosomes 
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are  separated  at  anaphase  is  perhaps  due  to  its  developing  too  soon. 
In  Kniphofia  Nelsonii  (Moffett,  1932  a),  a  series  of  abnormalities 
occur  during  or  after  meiosis,  apparently  according  to  the  time  at 
which  spindle  degeneration  sets  in.  This  probably  varies  with  the 
position  of  the  flowers  in  the  spike.  In  the  extreme  case  the 
chromosomes  form,  instead  of  two  nuclei  at  the  end  of  the  first 
division,  a  number  of  scattered  nuclei  which  develop  separately. 
If  the  first  division  proceeds  regularly  the  same  abnormality  may 
befall  the  second  division,  and  where  this  also  is  regular  a  wall  may 
fail  to  form  between  two  or  all  four  of  the  daughter-nuclei.  In 
consequence,  these,  or  the  numerous  irregular  nuclei,  often  fuse 
during  the  first  mitosis  of  the  single  or  double  giant  pollen  grain. 
Side  by  side  with  these  abnormalities  normal  tetrads  are  formed. 
Variation  in  the  abnormality  presumably  depends  on  differences  in 
developmental  conditions. 

In  Datura  and  Allium  the  breakdown  sets  in  at  a  definite  period 
and  inhibits  the  second  division  so  that  unreduced  pollen  grains 
are  formed.  Even  here  the  result  is  not  entirely  regular.  Normal 
second  divisions  may  occur.  The  highest  degree  of  precision  is 
found  as  we  shall  see  in  parthenogenetic  organisms  in  the  sup- 
pression of  either  the  first  or  the  second  division,  and  there  is  no 
reason  to  doubt  that  selected  mutations  have  in  these  cases  developed 
an  analogous  genotypic  control. 

Genotypic  control  of  the  spindle  and  of  its  relation  with  particular 
chromosomes  has  played  an  important  part,  not  only  in  the  evolution 
of  parthenogenesis,  but  also  in  that  of  sex-chromosomes  (q.v.). 
Probably  there  are  no  flowering  plants  which  do  not  exceptionally 
fail  to  give  four  reduced  nuclei  at  meiosis,  under  such  conditions  that 
they  survive  in  nature.  Levan  (1935  h),  for  example,  finds  giant 
pollen-grains  in  nearly  all  species  of  Allium.  Several  workers  have 
by  special  treatment  succeeded  in  suppressing  the  first  or  second 
division  regularly,  even  in  some  cases  reducing  the  pairing  of  the 
chromosomes  in  otherwise  normal  organisms  (Table  65).  Whether 
pairing  can  be  seriously  reduced  by  external  means  without  killing 
the  cells  before  meiosis  is  complete  is,  however,  doubtful. 

These  observations  show  that  the  mechanism  of  the  spindle  is, 
in  its  origin,  genetically  and  physiologically  independent  of  chromo- 
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some  behaviour,  and  therefore  capable  of  independent  adaptation. 
Such  adaptation  has  led  to  the  co-ordination  which  secures  regular 
reduction  in  normal  meiosis  as  well  as  to  the  special  systems  referred 
to  above  and  discussed  in  Chapter  XI. 

(iv)  The  Behaviour  of  Unpaired  Chromosomes.  Unpaired  chromo- 
somes have  the  same  general  type  of  behaviour  whether  in  numerical, 
structural  or  undefined  hybrids  or  organisms  with  genotypically 
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Fig.  126. — A  scheme  of  the  spermatogenesis  in  normal  males  (above), 
in  B?  X  A^  hybrids  (middle),  and  in  A$  x  Bi^  hybrids 
(below)  of  Drosophila  psendo-obscura.     (Dobzhansky,  1934.) 


determined    failure    of    pairing.     One    description    will    therefore 
apply  to  all  these  cases. 

Unpaired  chromosomes  usually  lie  at  random  on  the  spindle  at 
metaphase.  They  do  not  move  towards  the  equator  as  early  as 
the  paired  chromosomes.  It  is  sometimes  stated  that  unpaired 
chromosomes  lying  to  one  side  of  the  plate  are  moving  to  the  pole 
in  advance  of  the  bivalents  at  anaphase,  but  this  conclusion  is 
unjustifiable.  Their  position  is  due  to  their  never  having  reached 
the  plate,  and  they  actually  do  not  move  until  after  the  bivalents 
have  divided. 
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When  the  paired  chromosomes  begin  to  separate  at  anaphase  the 
unpaired  chromosomes  follow  one  of  two  courses  :  (i)  those  lying 
far  away  from  the  equator  are  included  with  the  group  of  daughter 
bivalents  passing  to  the  nearest  pole  ;  (ii)  those  lying  near  the 
equator  move  on  to  the  plate,  orientate  themselves  axially,  and 
divide  after  a  short  interval  into  their  two  chromatids,  which  then 
pass  to  opposite  poles  as  in  mitosis.  The  first  gives  post-division  of 
the  univalents,  the  second  pre-division. 

In  Tritictim-Mgilops  hybrids  Kihara  (1931)  in  a  detailed  account 
has  shown  the  probable  history  of  the  univalents  to  be  chiefly  of 
the  second  type,  which  is  as  follows  :  (i)  The  bivalents  arrange 
themselves  on  the  equatorial  plate ;  the  univalents  remain  distributed 
at  random,  (ii)  The  univalents  arrange  themselves  on  the  edge  of 
the  equatorial  plate,  (iii)  The  bivalents  divide  ;  the  univalents 
remain  on  the  equator,  (iv)  The  univalents  divide  and  their  halves 
follow  the  daughter  bivalents  to  the  poles.  The  variations 
commonly  observed  in  univalent  behaviour  are  probably  due  to 
various  degrees  of  delay  in  the  movement  of  the  univalents  relative 
to  those  of  the  bivalents. 

In  the  extreme  case  they  altogether  fail  to  divide  at  the  first 
division,  some  being  included  in  the  daughter  nuclei  and  others 
lost  in  the  cytoplasm. 

Where  multiple  configurations  are  formed  it  often  happens  that 
one  of  the  chromosomes  is  left  on  the  plate  at  anaphase  (e.g.,  in 
Hyacinthus,  Ch.  IV).  The  same  result  may  follow  in  a  simple 
bivalent,  dividing  while  lying  on  an  accessory  plate  to  one  side  of 
the  main  plate,  owing  to  overcrowding  (e.g.,  Fritillaria,  Ch.  XII). 
The  chromosome  going  to  the  further  pole  is  stopped  on  the 
equator.  Such  a  false  univalent  divides  at  late  anaphase  like  a 
chromosome  that  has  not  been  paired  at  all.  But  it  may  show 
two  peculiarities  in  Tulipa  (Upcott,  unpub.).  In  the  first  place 
the  two  chromatids,  owing  to  one  or  both  of  them  having  crossed 
over  at  chiasmata  with  the  chromatids  of  a  partner,  do  not  lie 
close  together,  and  may  differ  in  structure  and  in  length.  In  the 
second  place,  owing  presumably  to  abnormal  strain,  the  chromatids 
may  be  distributed  unequally  on  either  side  of  the  centromere,  two 
sister  chromatids  remaining  attached  to  the  same  daughter  centro- 
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mere.     This    anomalous    behaviour    is    presumably    a    means    of 
structural  change  (cf.  Nishiyama,  1931). 

The  daughter  univalents  usually  lag  at  the  second  division  or 


Fig.  127. — The  various  possible  courses  that  meiosis  may  follow 
when  several  univalents  or  multivalents  are  formed,  leading 
to  (i)  irregular  reduction,  (ii)  non-reduction  at  either  first  or 
second  division,  (iii)  double  non-reduction. 

pass  without  division  to  one  pole  or  the  other.  With  division  at 
either  the  first  or  the  second  division,  univalents  are  lost  in  the 
cytoplasm  through  failure  to  reach  the  poles. 

Where  all,  or  nearly  all,  the  chromosomes  are  univalent  their 
relationship   to   the   spindle   is   often   abnormal.     Sometimes   the 
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nucleus  relapses  to  a  resting  stage  without  any  movement  having 
taken  place.  This  is  a  means  by  which  unreduced  gametes  may 
arise  (Papaver,  Ljungdahl,  1922  ;   Hieracium,  Rosenberg,  1927). 

With  very  few  paired  chromosomes  and  extreme  delay  in  the 
unpaired  chromosomes  orientating  themselves  on  the  plate,  a 
normally  developed  spindle  increases  in  length,  and,  as  we  saw 
earlier,  is  bent  round  until  the  poles  nearly  touch  {Triticum,  Mat- 
sumoto,  1933  ;  Drosophila,  Dobzhansky,  1934 ;  Roller,  1934 ; 
Impatiens,  F.  Smith,  1935  et  alii). 

Evidently  the  paired  chromosomes  prevent  this  lengthening  and 
modify  the  shape  of  the  spindle,  just  as  convergent  associations  of 
three  chromosomes  modify  the  direction  of  repulsion  between  the 
centromeres  of  associated  chromosomes  in  the  spindle. 

Reviewing  these  observations  we  see  that  the  chromosomes  which 
lag  are  univalents  at  the  first  division  and  daughter  univalents  at 
the  second.  These  chromosomes  evidently  fail  to  move,  although 
they  resemble  the  other  chromosomes  in  every  respect  save  in  not 
having  partners.  Movement,  therefore,  depends  on  a  reaction— 
presumably  repulsion — of  pairs  of  elements.  The  presence  of  the 
spindle,  and  of  the  chromosome  in  the  right  position  in  relation  to 
it,  is  not  sufficient. 

The  behaviour  of  univalents  thus  shows  that  the  ability  to  divide 
at  anaphase  is  due  to  a  change  in  the  organ  of  division,  the  centro- 
mere. This  change  must  be  an  assumption  of  bipolarity.  It  also 
shows  that  the  time  of  this  change  in  the  centromeres  of  univalents 
is  different  in  different  organisms  in  relation  to  the  metaphase, 
that  is,  in  relation  to  the  development  of  bivalents.  But  in  all 
cases  the  univalents  are  later  than  this  metaphase  in  becoming 
bipolar.  The  precocity  of  the  metaphase  in  meiosis  agrees  well 
enough  with  the  conditions  of  separation  of  bivalents,  but  it  leaves 
the  univalents  more  or  less  out  of  step.  The  degree  of  precocity 
of  the  metaphase,  like  that  of  the  prophase,  varies  from  one  organism 
to  another. 

(v)  The  Consequences  of  Non-pairing.  We  have  seen  that  chromo- 
somes fail  to  pair  either  on  structural  or  numerical  grounds  (in 
haploids,  triploids  and  ordinary  hybrids)  or  on  genotypic  grounds. 
Whatever  the  grounds  the  same  kinds  of  results  ensue,  the  particular 
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kind  depending  on  the  proportion  of  chromosomes  that  are  paired 
and  are  still  able  to  behave  normally,  and  on  the  time  when  the 
centromeres  of  the  unpaired  chromosomes  divide  in  relation  to  the 
time  of  development  of  the  spindle.  Let  us  take  first  the  extreme 
case  of  the  haploids  or  hybrids  or  genotypic  forms  with  no  pairing 
at  all.  The  univalent  chromosomes  come  to  lie  on  the  spindle  more 
or  less  at  random.  Some  of  the  chromosomes  may  then  move  to  the 
equator  and  begin  to  divide  as  at  mitosis.  In  Triticum  turgido- 
villosum  (4x)  all  of  the  chromosomes  may  do  so.  In  T.  monococcum- 
dicocciim  (3%)  only  a  proportion  do  so  (Mather,  1935). 

The  same  is  true  of  one  of  the  Drosophila  pseudo-obscura  hybrids. 
In  such  cases  the  first  division  is  normal.  But  since  the  chromo- 
somes do  not  divide  twice  the  second  division  is  abortive.  The 
chromosomes  do  not  form  a  metaphase  plate  and  a  single  nucleus 
is  reconstituted.  It  may  happen,  on  the  other  hand,  that  no7te  of  the 
chromosomes  reach  an  equatorial  position  at  the  first  division.  A 
single  restitution  nucleus  may  then  be  re-formed  and  the  second 
division  is  usually  successful.  The  intermediate  condition,  in  which 
some  of  the  chromosomes  make  a  plate  at  the  first  division,  may 
lead  to  the  formation  of  a  restitution  nucleus  at  one  or  both  divisions. 
Thus  one,  two,  three  or  four  nuclei  may  result  at  second  telophase. 

In  the  PygcBra  hybrids  with  complete  failure  of  pairing,  all  the 
chromosomes  divide  at  both  divisions.  Regular  diploid  gametes 
are  then  formed  in  fours.  This  regular  double  division  of  the 
chromosomes  is  not  known  in  any  plant. 

When  none  of  the  univalents  move  to  the  equator  at  the  first 
division,  the  spindle  may  stretch  as  it  does  between  separating 
anaphase  chromosomes.  But,  instead  of  separating,  it  then  merely 
disperses  the  undivided  chromosomes.  Being  scattered  in  this 
way  they  may  form  two  daughter  nuclei  or  several— the  number 
being  limited  by  the  number  of  chromosomes  and  the  size  of  the 
cell  (cf.  Fig.  127).  Each  nucleus  then  goes  through  a  second 
division  which  is  successful  so  far  as  the  two  main  daughter  nuclei 
are  concerned. 

When  a  moderate  number  of  bivalents  or  multivalents  are 
formed  the  case  is  different.  The  spindle  does  not  stretch  until 
the  bivalents  are  divided  and  the  regularity  of  their  first  and  second 
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division  determines  a  regularity  in  the  first  and  second  division  of 
the  cell.  Abnormality  depends  on  the  fact  that,  as  a  rule,  the 
univalents  can  divide  only  once.  They  may  lie  on  the  spindle  at 
first  anaphase  without  dividing  ;   or  having  come  on  to  the  equator 


Fig.  I 28a. — Possible  courses  of  meiosis  in  the  total  absence  of  pairing. 


and  divided  at  the  first  anaphase  quickly  enough  to  be  included  in 
the  daughter  nuclei,  they  may  be  unable  to  divide  again,  and 
consequently  lag  on  the  spindle  at  second  anaphase.  These  lie 
cross-wise  at  first  and  are  pulled  lengthwise  later  by  the  stretching 
of  the  spindle  (Mather,  1935).      In  either  of  these  cases  they  may 
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form  a  connection  between  the  daughter  nuclei,  which  will  fuse  to 
give  a  restitution  nucleus  either  at  first  or  second  anaphase  or  both. 
In  this  last  case  only  a  single  nucleus  is  produced  with  double  the 
somatic  number  of  chromosomes. 

In  all  these  circumstances  we  see  that  we  are  dealing  with  the 
varying  relationships  of  the  time  of  division  of  bivalents  and 
univalents  to  one  another  and  to  the  development  of  the  spindle. 
We  also  see  that  while  the  position  of  the  chromosomes  depends 
in  the  first  instance  on  the  spindle,  the  changes  of  shape  in  the 
spindle  depend  on  the  separation  of  the  paired  chromosomes  in 
bivalents  and  of  the  daughter  chromatids  in  dividing  univalents. 
The  behaviour  of  dividing  cells  in  which  the  normal  relationships 
of  the  spindle  to  the  chromosomes  has  been  upset  by  failure  of 
pairing  is  nearly  always  variable.  No  doubt  this  is  due  to  a  sus- 
ceptibility to  environmental  changes  from  which  the  normal  process 
is  protected  by  a  wide  margin  of  safety. 

(vi)  Non-reduction.  The  results  of  a  regular  failure  of  the  first 
or  second  division  is  the  formation  of  unreduced  or  approximately 
unreduced  gametes  which  function  and  yield  polyploid  progeny  in 
the  case  of  diploids,  diploid  progeny  in  the  case  of  haploids.  Some- 
times failure  of  both  divisions  may  yield  gametes  with  double  the 
parental  number,  so  that  diploids  may  yield  hexaploid  and  octoploid 
progeny  {e.g.,  in  Raphanus-Brassica  and  Chrysanthemum)  and 
haploids  yield  triploid  progeny. 

The  results  of  the  functioning  of  polyploid  gametes  have  already 
been  shown  in  relation  to  the  origin  of  polyploids.  Their  effect  on 
the  reproduction  of  haploids  is  shown  in  Table  64  to  be  analogous. 

Table  63 
Numbers  of  Cells  in   '*  Tetrads  "  of  Haploid  Plants 


Datura  (1867)  w  =  12 
Matthiola  (406)  w  =  9 
Crepis  (282)  w  =  3 


Monads. 

Dyads. 

Triads. 

Tetrads. 

Pentads. 



187 

(a  few) 

1385 

73 

3 

285 

99 

19 

— 

12 

195 

57 

19 

Hexads. 


205 


UNREDUCED  GAMETES 
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Table  64 

Progeny  of  Haploids 

Datura   (Belling  and   Blakeslee,   1927).     Selfed  :     381   probable  diploids,    12 

trisomies. 
Solanuni   Lycopersicum    (Lindstrom,    1929).     No   selfed    seed.     42    seedlings 

from  100  fruits  with  pollen  of  diploid. 
Nicotiana  glutinosa  (Goodspeed  and  Avery,  1929).     No  seed  when  selfed  or 

crossed  reciprocally  with  diploid. 
Nicotiana   Langsdorffii    (Kostoff,    1929).     No    selfed    seed,    few   seeds   when 

crossed  with  pollen  of  diploid. 
Nicotiana  Tabaciim  (Clausen  and  Mann,  1924).     No  seeds. 
CEnothera  franciscana    (Davis   and    Kulkarni,    1930).     Selfed  :     694   diploid, 

29  haploid,  17  mutant  diploid. 
Crossed  with  diploid  :    531  diploid,  2  mutant  diploid  {cf.  secondary  structural 

change). 
CEnothera  franciscana  (Stomps,   1930).    Selfed:    gave  trisomies  and  triploids. 
Triticum  monococcum  (Katayama,  1935).  Open  pollination  :  3  haploid,  3  diploid. 

Table  65 
Cases  of  Non-Reduction 


A.     (i)     Failure    of     Pairing 
Parthenogenesis) . 
a.  General  Hybrids. 
Drosera  (j;f) 
Papaver 
Saccharum     . 
Triticum- Secale 
Nicotiana  {jx,  5x,  etc.)    . 

Petunia 

Prunus  {2x,  jx,  6x) 

CEnothera  {4X) 

Ribes    .... 

Digitalis 

Canna  aureo-vittata  gigas 

Triticum-yEgilops  . 


Aucuha  japonica  {4X) 
Triticum  hybrid  {3x) 
Triticum  turgidovillosum 
Brassica 
/3.  Purely  Numerical  Hybrids. 
Datura  {3x) 
Solanum  {3x) 
Tulipa  {3x)   . 
Tradescantia  [3x) 
Salix  {3x) 

R.A.  CYTOLOGY. 


(cf.  Table  62) 

due     to    hybridity     {v.     also     Haploids     and 


Rosenberg,  1909. 

Yasui,  192 1  ;   Ljungdahl,  1922. 

Bremer,  1923. 

Kihara,  1924. 

Goodspeed    and     Clausen,     1927 

Rybin,  1927  ;   Brieger,  1928. 
Matsuda,  1928. 
Kobel,  1927  ;   D.,  1930  a. 
Schwemmle,  1928. 
Tischler,  1928. 
Buxton  and  Newton,  1928. 
Honing,  1928. 
Kagawa,    1929  ;      Kihara,    1931 

Kihara  and  Katayama,  193 1. 
Meurman,  1929  a. 
Thompson,  1931. 
V.  Berg,  1934. 
Catcheside,  1934. 


Belling  and  Blakeslee,  1923. 
Jorgensen,  1928. 
Newton  and  D.,  1929- 
D.,  1929  c. 
HS,kansson,  1929. 
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Haploids. 

Datura  Stramonium 
Matthiola  incana    . 
Nicotiana  glutinosa 
Nicoiiana  Langsdorffii 
Crepis  capillar  is 

(Enothera  franciscana 


Aegilotricum  {8x)   . 
Triticum  monococcum, 
Oenothera  rubric alyx 
CEnothera  blandina 
(ii)  Due  to  a  Genetic  Property 
Perla  marginata  ((J) 
Avena  sativa  {6x  —  2) 
Nicotiana  alata  {2x  +  i) 
Zea  Mays  (asynaptic) 
Drosophila  pseudo-ohscura  hybrids 


Belling  and  Blakeslee  (1923,  1926) 
Lesley  and  Frost,  1928. 
Goodspeed  and  Avery,  1929 
Kostoff,  1929. 
Hollingshead,  1930  a. 
Emerson,  1929. 
Davis  and  Kulkarni,  1930. 
Stomps,  1930,  a  and  b. 
Katayama,  1935. 
Katayama,  1935. 
Gates  and  Goodwin,  1930. 
Catcheside,  1932. 
{cf.  Section  4). 

Junker,  1923. 
Huskins,  1928 
Avery,  1929. 
Beadle,  1930. 
Dobzhansky,  1934. 


Nishiyama,  1931. 


All  cases  of  facultative  and  cyclic  parthenogenesis  with  suppression 
of  the  first  division  [v.  Ch.  XI). 


B.  Double  division  of  univalents  (part 

PygcBra  hybrids 

Rosa  canina 
Rosa  subglauca 
Raphanus-Brassica 
Prunus  avium  nana 
Saccharum  officinarum    . 
Ribes,  hybrids 
Brassica,  hybrids 

C.  Failure  of  Spindle  ;   due  to  genetic 

Triticum  vulgare  var. 
Kniphofia      .... 
Hyacinthus  orientalis 
Zea  Mays  (var.  sterile)   . 

D.  Due  to  External  Conditions  (effect 

Vicia    . 

Funaria 

Epilobium 

Gagea 

Liriope,  Scilla 

Lychnis 

Triticum 


ial  except  in  the  first  instance). 

Federley,  191 2,  1931  ;  Cretschmar, 
1928. 

Tackholm,  1922. 

Erlanson,  1929. 

Karpechenko,  1927,  a  and  b. 
.      D.,  1930  a. 

Bremer,  1930. 

Meurman,  1928. 

Morinaga,  1929. 
property. 
.     L.  A.  Sapehin,  1931. 
.     Moffett,  1932. 
.     De  Mol,  1923  ;    Stow,  1930. 
.     Beadle,  1932. 
shown  by  abnormal  treatment). 

Sakamura,  1920. 
.     V.  Wettstein,  1924. 

Michaelis,  1926. 

Sakamura  and  Stow,  1926. 

Shimotomai,  1927. 
.     Takagi,  1928. 

Bleier,  1930. 


(vii)  Conclusion.  These  observations  are  important  in  four 
directions.  They  explain  the  origin  of  polyploids  by  failure  of 
meiosis.  They  show  the  relationship  of  normal  meiosis  with  its 
special  modifications  in  apomictic  organisms  where,  as  we  shall  see, 
the  sexual  cycle  is  suppressed.  They  also  show  that  the  metaphase 
of  meiosis,  as  well  as  the  prophase,  is  precocious,  since  the  univalent 
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chromosomes  are  not  then  ready  to  divide.  And  finally,  they  show 
that  the  movements  of  the  spindle  and  of  the  chromosomes  which 
are  independent  in  origin  and  independently  controlled,  mutually 
react  as  soon  as  they  come  together.  How  they  come  to  react  we 
shall  consider  in  detail  in  relation  to  the  special  problems  of  chromo- 
some mechanics. 

3.   THE    EFFECTS   OF   STRUCTURAL    CHANGE 

(i)  Conditions  of  Change.  The  chromosomes,  as  we  have  seen,  are 
subject  to  changes  which  may  be  provisionally  classified  as  intra- 
genic or  molecular  and  inter-genic  or  structural.  Apparently,  as 
we  have  seen,  all  parts  of  the  chromosome  are  subject  to  inter-genic, 
while  only  the  physiologically  active  parts  are  subject  to  intra- 
genic, changes.  Since,  however,  intra-genic  changes  are  detectable 
only  by  their  physiological  effect  we  may  suppose  that  inertness 
merely  prohibits  change  back  to  an  active  form. 

The  rate  at  which  these  changes  occur  shows  that  the  conditions 
determining  them  are  various.  Temperature,  developmental 
conditions,  genotype  and  the  structure  of  particular  genes,  affect 
them.  We  have  previously  seen  the  physiological  and  structural 
conditions  of  chromosome  behaviour  in  antithesis.  They  are 
alternative  agents  of  change.  We  now  see  on  a  deeper  analysis  that 
they  control  one  another.     There  is  an  inter-penetration  of  opposites. 

Apart  from  indirect  control  of  structural  change  certain  special 
agents,  short-wave  irradiation  and  direct  manipulation,  .such  as 
centrifuging  (Kostoff,  1935),  determine  its  occurrence.  There  is  no 
practical  means  as  yet  of  making  a  distinction  between  "  natural  " 
changes  such  as  may  depend  on  inherent  defects  in  the  reaction  of 
the  gene  with  its  substrate,  and  "  induced  "  changes  that  depend  on 
violent  external  interference.  It  is  convenient,  however,  pro- 
visionally to  separate  natural  from  induced  changes  according  to 
whether  the  method  of  control  is  internal  or  external  to  the  organism. 

(ii)  Natural  Change.  Natural  changes  in  the  structure  of  chromo- 
somes are  known  chiefly  by  their  results  at  meiosis  and  in  the 
ensuing  generation.  After  this  interval  they  can  be  described  in 
kind.  But  during  the  interval  we  know  that  many  of  the  nuclei 
with  new  chromosomes  must  have  been  eliminated  and  we  cannot 
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say  how  many  or  of  what  kinds  these  may  be.  Moreover,  their 
occurrence  is  so  rare  that  we  can  know  nothing  accurate  about  their 
frequency.  The  best  indication  we  can  get  is  from  mitosis  in 
exceptional  organisms  with  a  genotypically  controlled  high  frequency 
of  structural  change. 

Two  stocks  have  been  discovered  with  frequent  structural 
changes.  The  more  extreme  was  the  one  derived  from  a  Tnticum- 
Secale  hybrid  (Plotnikova,  1932)  which  showed  as  many  as  one- 
fifth  of  the  mitoses  with  chromatid  bridges  and  fragments.  These 
are  clearly  the  result  of  the  formation  of  dicentric  and  acentric 
chromosomes  by  asymmetrical  interchange,  Hke  those  formed  by 
crossing-over  in  dyscentric  hybrids  at  meiosis.  This  type  of 
interchange,  let  us  remember,  is  precisely  the  type  that  will  show 
itself  at  mitosis  as  no  other  will.  And  it  is  also  precisely  the  type 
which  will  be  eliminated  during  somatic  life  and,  will  consequently 
never  appear  at  meiosis  or  in  the  progeny  (Plate  XII). 

A  less  extreme  frequency  was  found  by  Beadle  in  the  "  sticky 
chromosome  "  mutant  of  Zea  Mays  (1932).  A  few  changes  in  size 
and  number  at  mitosis  indicate  that  structural  change  is  occurring 
with  unusual  frequency.  At  meiosis  the  result  is  a  great  but 
variable  confusion  in  the  association  of  the  chromosomes.  Some- 
times a  single  chromosome  group  is  formed  as  though  a  dozen 
translocations  had  taken  place.  At  anaphase  several  bridges  are 
found,  showing  that  the  changes  include  inversions.  Beadle 
attributes  this  behaviour  to  "  stickiness  "  of  the  chromosomes,  but 
the  spindle  is  normal  and  regular  tetrads  can  be  formed.  The 
abnormality  seems  therefore  to  be  sufficiently  accounted  for  by  a 
high  rate  of  structural  change. 

If  the  natural  change-rate  is  once  in  a  million  mitoses,  the  Zea 
rate  is  perhaps  once  in  a  thousand  mitoses,  and  the  Triticum-Secale 
rate  once  in  a  hundred.  With  X-ray  treatment,  as  we  shall  see 
later,  the  rate  may  be  increased  to  ten  times  in  one  mitosis  ;  the 
limit  is  merely  the  viability  of  the  cell,  of  the  tissue,  or  of  the 
organism. 

Normal  changes  continue  or  may  even  be  hastened  in  resting 
seed,  according  to  the  work  of  Navashin  (1933)  on  Crepis  tectorum 
raised  from  six-year-old  seed.    As  in  the  "  sticky  "  plants  in  Zea 
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there  is  a  high  cell  mortality  even  amongst  the  3  per  cent,  of  seeds 
that  germinate.  Evidently  many  secondary  changes  take  place 
during  development  through  the  breakage  of  dicentric  chromatids 
at  anaphase  {cf.  Cartledge  and  Blakeslee,  1934,  on  Datura).  Peto 
(1935)  and  Schwarnikow  and  Navashin  (1934)  found  that  the  rate 
might  be  greatly  increased  under  special  conditions  of  temperature 
and  moisture. 

In  pollen  grains  of  a  triploid  Tradescantia  numerous  structural 
changes,  including  interchange  between  chromatids,  have  been 
found  by  Upcott  (unpubHshed) .  These  give  rise  to  mitotic  pseudo- 
chiasmata  between  non-homologous  chromosomes,  and  since  the 
interchanges  are  sometimes  asymmetrical,  to  anaphase  bridges. 
Similar  structures  have  been  induced  by  Peto  (1935)  in  Hordeum 
vulgar e  roots  by  heat  treatment.  Whether  the  chiasmata  described 
by  Kaufmann  (1934)  at  mitosis  in  Drosophila  are  related  to  the 
somatic  crossing-over  that  Stern  (1934)  and  Friesen  (1936)  have 
found  here,  we  cannot  say. 

Structural  changes  occurring  within  the  organism  occur 
independently  in  homologous  chromosomes.  They  therefore  develop 
a  condition  of  hybridity  within  the  organism  in  no  way  different 
from  that  produced  by  crossing  different  individuals.  Structural 
hybridity  therefore  depends  on  the  structural  differentiation  of 
homologues,  whether  they  are  derived  from  the  same  parental 
chromosomes,  or  from  different  chromosomes  in  the  same  parent, 
or  again  from  widely  separated  parents.  We  may  therefore  say 
that  the  sticky-chromosome  plant  of  Zea  and  the  resting  seeds  of 
Crepis  are  generating  hybridity  within  themselves,  while  in  most 
organisms  change  is  so  slow  that  a  high  degree  of  hybridity  arises 
only  when  different  organisms  are  crossed  or  in  permanent  hybrids 
where,  as  we  saw,  hybridity  is  preserved  with  inbreeding  or  even 
self -fertilisation  from  generation  to  generation. 

The  internal  generation  of  hybridity,  by  genetic  changes  within 
organisms  in  experiment,  raises  the  question  of  how  far  such  changes 
occur  naturally.  If  they  occur  their  results  should  appear  in  old 
clones  of  cultivated  plants.  The  extreme  hybridity  of  such  clones 
has  been  shown  in  many  species  [cf.  Crane  and  Lawrence,  1934).  It 
has   been   attributed   to   crossing.     But   the   occurrence   of  large 
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incompatibility  groups  in  clonal  cultivated  forms  of  Prunus  and 
their  non-occurrence  in  non-clonal  populations  shows  that  the 
clonal  forms  are,  in  fact,  inbred  (D.,  1928).  Their  functional 
hybridity  must  therefore,  in  some  measure,  result  from  internal 
change  and  not  from  hybridisation.  This  question  suggests  another 
possibility  of  some  interest  in  horticulture.  Induced  changes,  of 
the  kind  that  will  be  considered  next,  likewise  determine  structural 
hybridity  and  its  concomitant  sterility.  Seed-sterility  is  an 
advantage  for  many  ornamental  plants.  Triploids  are  often  selected 
on  this  account.  This  property  can  now  be  produced  artificially  by 
irradiation. 

(iii)  Changes  Induced  by  Irradiation.  X-ray  treatment  was  shown 
to  determine  gene-mutation  in  Drosophila  by  Muller  in  1927.  The 
natural  rate  of  mutation  was  known  accurately  as  a  result  of 
Muller 's  experiments  and  this  rate  could  be  increased  100  times  or 
more,  by  appropriate  doses  of  X-rays.  Experiment  with  gene- 
mutation  has  now  shown  the  aetiology  of  the  changes  induced  with  a 
high  degree  of  accuracy  (cf.  Stadler,  1930,  1931  ;  Muller,  1934, 
1935  ;  Timofeeff-Ressovsky,  1934,  1935).  Mutation  can  probably 
be  induced  in  all  organisms,  in  all  their  tissues  and  at  all  stages  of 
development.  It  is  known  that  the  frequency  of  change  is 
independent  of  the  wave-length  used.  It  is  merely  proportionate 
to  the  energy  that  can  be  made  available  in  the  nucleus.  Thus  any 
short-wave  radiation  between  ultra-violet  of  2,500  A°  and  gamma 
rays  of  o-ooi  A°  wiU  determine  mutation,  but  the  long  wave- 
lengths are  usually  impracticable  because  most  of  the  radiation  is 
absorbed  before  it  penetrates  to  the  nuclei  and  the  absorption  may 
be  fatal  (Altenburg,  1934  ;  Stadler  and  Sprague,  1936  ;  Brittingham, 
1936). 

The  frequency  of  mutations  induced  in  this  way  is,  unlike  that  of 
natural  mutations,  independent  of  the  genotype  or  of  the  tempera- 
ture. The  rate  of  induced  mutation,  however,  depends  on  the  gene 
concerned,  although  to  a  less  extent  than  that  of  natural  mutation. 
Thus  some  of  the  "  mutable  genes  "  in  Drosophila  (Demerec,  1934) 
and  others  of  the  least  mutable  genes  in  Zea  according  to  Stadler 
(1932)  are  scarcely  affected  by  treatment.  The  rate  of  induced 
mutation  is  influenced  by  anaesthesia  and  by  the  stage  of  develop- 


X-RAYS  423 

ment  ;  seeds  mutate  less  freely  in  dormancy  than  during  germina- 
tion. Organisms  also  vary  greatly  in  their  susceptibility,  fungi 
being  affected  only  by  very  high  dosages  (Dickson,  1933).  It 
follows  from  these  considerations  that  although  the  types  of  gene 
mutant  induced  are  the  same  as  the  natural  ones,  the  mechanism 
of  change  is  different  (c/.  App.  II). 

Side  by  side  with  gene  changes,  structural  changes  are  induced 
in  the  chromosomes  by  irradiation.  Simple  deficiencies  perhaps 
occur  like  gene  mutations  in  proportion  to  the  dose  (Stadler,  1932), 
but  more  complicated  changes  do  not  show  these  simple  relation- 
ships {cf.  Ch.  XII). 

In  order  to  compare  the  effect  of  treatment  on  structural  change 
with  that  on  gene-change  we  must  remember  that  the  chromosomes 
may  break  (by  definition)  betw^een  any  two  genes.  Muller  and  his 
collaborators  (1935)  have,  in  fact,  shown  in  particular  segments  in 
Drosophila  that  any  pair  of  adjacent  chromomeres  distinguishable 
in  ultra-violet  light  may  be  separated  by  X-ray  breakage.  The 
natural  frequency  of  breakage  in  any  given  interstitial  segment 
is  therefore  probably  lower  than  that  of  any  genes  whose  mutation 
rate  has  yet  been  accurately  measured.  The  frequency  of  breakage 
that  may  be  induced  is,  on  the  other  hand,  perhaps  as  high  as  that 
of  any  genes.  An  exact  comparison  is  impossible  as  we  shall  see 
later  on  account  of  differential  mortality  at  different  stages  of 
development  in  different  organisms.  It  seems,  however,  that  in 
general  the  differences  in  the  natural  order  of  mutability  ;  mutable 
gene — stable  gene — gene  thread  are  reduced  by  treatment. 

The  kinds  and  degrees  of  change  seen  in  the  chromosomes  after 
treatment  depend  on  three  factors  :  (i)  how  far  the  general  condition 
of  the  cell  or  the  organism  has  been  modified  ;  (ii)  the  stage  of  the 
nuclear  cycle,  whether  meiosis  or  mitosis,  that  has  been  treated  ; 
(iii)  the  extent  of  the  nuclear  cycle  or  the  life-cycle  which  has  elapsed 
between  treatment  and  observation.  We  wiU  first  consider  the 
effect  of  this  interval. 

When  root-tips  or  spermatogonia  are  studied  a  few  hours  after 
treatment  we  can  be  sure  that  the  nuclei  are  passing  through  their 
first  mitosis.  We  then  see  that  chromosomes  of  new  shapes  and 
sizes  are  produced.     These  have  been  described  as  the  result  of 
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"  translocation  "  (Navashin,  1931  ;  Lewitsky  et  alii,  1931,  1934)  • 
Apart  from  these  changed  but  characteristic  chromosomes  there 
occur  others  of  a  kind  that  are  not  normally  found.  These  are 
commonly  of  four  kinds  :  ring  chromosomes,  branched  chromosomes 
(with  lateral  trabants)  and  the  two  types  that  are  characteristically 
produced  by  crossing-over  in  inversions  at  meiosis,  viz.,  dicentric 
and  acentric  chromosomes.  As  we  should  expect,  the  acentric 
chromosomes  are  unaffected  by  the  metaphase  congression  and 
anaphase  separation,  while  the  dicentric  chromosomes  divide, 
either  regularly  to  give  daughter  chromosomes  like  themselves  or 
criss-cross  to  give  double  bridges  which  break  ;  the  difference 
depends  on  whether  the  chromatids  are  parallel  or  have  half  a  coil 
between  the  two  centromeres  (Mather  and  Stone,  1933).  A  third 
type  of  division  is  found  where  the  centromeres  lie  farther  apart, 
viz.,  a  complete  coil  between  them.  The  two  centromeres  of  each 
chromatid  then  pass  to  the  same  pole,  but  the  chromatids,  each 
M-shaped  at  anaphase,  are  interlocked  in  the  middle  loop  of  the 
M's  (Roller,  1934,  Plate  XII). 

The  acentric  chromosomes  may  be  supposed  to  result  from 
simple  breakage,  but  some  of  them  will  arise  from  as3nnmetrical 
interchange,  which  must  be  responsible  for  the  dicentric  chromo- 
somes and  the  ring  chromosomes. 

From  the  later  results  of  these  structural  changes  of  whatever 
kinds,  Navashin  (1932)  concluded  that  there  was  never  any  change 
in  the  number  of  centromeres  and  that  centromeres  were  therefore 
self-perpetuating  bodies.  This  conclusion  is  verified  by  the 
observations  of  the  effects  on  the  immediately  following  divisions 
by  Mather  and  Stone  ;  the  two  centromeres  of  one  chromosome 
are  independent  of  one  another,  while  the  chromosome  without  a 
centromere  is  deprived  of  the  means  of  autonomous  movement. 
It  is  usually  lost  in  the  cytoplasm  at  telophase. 

We  have  seen  from  the  comparison  of  mitosis  and  meiosis  that 
the  chromosomes  must  be  supposed  to  divide  after  telophase 
always,  and  in  mitosis,  but  not  in  meiosis,  before  the  prophase. 
It  seems  probable,  therefore,  that  their  division  occurs  at  the  end 
of  the  resting  stage  in  mitosis,  possibly  even  determining  the  onset 
of  prophase  in  certain  circumstances  (D.,  1932).     We  cannot  find 
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out  by  direct  observation  whether  this  is  so,  since  the  finer  details 
of  structure  are  concealed  in  the  resting  nucleus.  We  can,  however, 
resolve  the  question  indirectly  by  X-ray  treatment  (Mather  and 
Stone,  1933  ;  cf.  Lewitsky  and  Araratian,  1932,  and  Huskins  and 
Hunter,  1935). 

Thus  when  chromosomes  are  broken  or  interchanged  under 
X-ray  treatment  before  they  have  divided,  all  the  changes  produced 
will  be  exactly  paired  in  the  chromatids  seen  afterwards  at  meta- 
phase.  These  changes  in  whole  chromosomes  may  be  described  as 
due  to  chromosome-breaks.  When,  on  the  other  hand,  the  cells 
are  treated  after  their  chromosomes  have  divided  the  changes  they 
undergo  will  be  changes  in  their  chromatids  ;  each  chromatid  will 
be  broken  or  interchanged  independently  of  its  partner.  These 
two  conditions  should  be  distinguishable  at  the  following  metaphase. 
Now  in  the  higher  plants,  the  resting  stage  between  meiosis  and  the 
following  mitosis  in  the  pollen-grain  continues  for  several  days  or 
weeks.  In  Tradescantia  the  interval  is  about  one  week.  When, 
therefore,  metaphases  of  mitosis  are  examined  in  the  pollen-grain, 
three,  two,  or  one  day  after  X-raying,  it  is  known  that  the  nuclei 
giving  rise  to  these  metaphases  have  been  treated  at  successively 
later  stages  of  development  of  the  resting  nucleus. 

Riley  {1936)  and  Faberge  and  Mather  (unpublished)  have  con- 
firmed these  assumptions  and  shown  that  before  a  certain  period 
all  the  changes  are  from  chromosome  breaks,  and  after  this  period 
they  are  all  from  chromatid  breaks.  The  critical  period  is  different 
in  different  species,  twenty-four  to  thirty-six  hours  before  mitosis 
in  Tradescantia,  earlier  in  Allium,  always,  however,  some  time  before 
the  end  of  the  resting  stage,  which  it  cannot,  therefore,  be  supposed 
to  determine  (Fig.  128  b).  An  exactly  corresponding  conclusion  can 
be  drawn  from  the  mutations  induced  in  ripe  sperm  in  Drosophila. 
One-sixth  of  these  produce  mosaic  offspring,  one  side  mutant,  the 
other  non-mutant,  owing  to  the  genes  concerned  having  divided 
before  they  were  hit  and  the  altered  and  unaltered  daughter-genes 
having  passed  to  opposite  cells  in  the  first  cleavage  division  of  the 
fertilised  egg  (Patterson,  1933).  It  might  seem,  therefore,  that 
the  genes,  and  the  thread  which  connects  them,  divide  at  the  same 
time.     This  does  not  follow  without  further  evidence,  however. 
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since  the  gene  changes  in  question  may  have  depended  on  structural 
changes.  Nor  can  we  yet  say  whether  the  chromosomes  divide  in 
different  parts  at  different  times  as  they  do  at  the  end  of  pachytene. 
New  hght  is  thrown  on  the  time  and  control  of  division  in  the 
chromosome  by  the  behaviour  of  an  acentric  fragment  produced 
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Fig.  I  28b. — Diagram  showing  how  fragmentation  and  asym- 
metrical interchange  will  occur  between  chromosomes  (left) 
and  between  chromatids  (right),  giving  a  pseudo-chiasma 
according  to  the  time  of  treatment.     (After  Mather,  1933.) 


at  meiosis  in  Podophyllum  (D.,  1936).  Such  fragments  produced 
by  crossing-over  in  inversions  are  usually  lost  in  the  cytoplasm, 
but  this  very  long  fragment,  having  been  included  in  the  nucleus, 
is  seen  lying  on  the  spindle  at  anaphase  of  the  next  mitosis.  It  is 
remarkable  in  that,  unlike  the  normal  chromosomes,  it  has  failed 
to  divide  during  the  resting  stage.  It  appears,  when  the  pollen 
grain  is  rolled  over,  as  a  uniform  cylinder  of  the  same  thickness  as 
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the  anaphase  chromatids.  This  shows  that  the  division  of  the 
chromosome  cannot  have  been  aheady  determined  at  the  preceding 
meiosis  and,  further,  that  the  division  of  a  chromosome  may  be 
conditioned  by  its  having  a  centromere  at  least  at  the  beginning  of 
the  resting  stage  (Plate  IX). 

When  structural  changes  occur  between  chromatids  it  is  possible 
to  define  their  character  in  a  way  that  is  not  possible  with  chromo- 
some changes,  for  the  chromatids  retain  the  association  with  their 
homologous  partners  and  hence  give  pseudo-chiasmata.  These 
chiasmata  in  some  cases  clearly  result  from  asymmetrical  inter- 
change and  show  that  this  is  how  dicentric  and  acentric  chromo- 
somes arise  when  they  are  produced  by  change  in  the  undivided 
chromosomes.  Pairs  of  chromosomes  with  these  chiasmata  behave 
normally  at  metaphase  and  do  not  orientate  themselves  hke  meiotic 
bivalents  (White,  1935). 

Treatment  has  no  effect  on  metaphase  or  anaphase  chromosomes 
until  half  an  hour  has  elapsed,  but  earlier  stages  of  mitosis  (Strange- 
ways  and  Hopwood,  1927  ;  Stone,  1933)  are  arrested  for  twenty- 
four  hours  or  more  in  root-tips.  This  delay  no  doubt  results  from 
general  damage  to  the  cell  such  as  is  shown  by  the  plastids  (Hruby, 
1935)-  Where  the  effects  are  more  drastic  they  are  also  more 
complicated.  White  (1935)  has  distinguished  three  kinds  of  change, 
the  probable  causation  of  which  may  be  inferred,  in  spermatogonia 
of  Locusta.  (i)  A  proportion  of  nuclei  are  killed,  whether  at  a 
particular  stage  of  mitosis  or  not  cannot  be  said,  (ii)  All  or  many 
cells  treated  in  the  early  prophase  are  delayed  in  coming  to  meta- 
phase so  that  mitoses  with  chromatid  breaks  do  not  appear  until 
twenty  hours  after  the  first  mitoses  with  chromosome  breaks. 
This  suggests  that  during  the  prophase  the  normal  development  of 
the  centrosomes  or  spindle-determinants  is  upset  by  the  cytoplasmic 
abnormality  resulting  from  treatment,  (iii)  Occasionally  nuclei 
appear,  sometimes  in  groups,  whose  chromosomes  have  an  anomalous 
structure.  They  have  four  chromatids  instead  of  two  attached  to 
each  undivided  centromere.  These  diplochromosomes  differ  from 
the  attached  X-chromosomes  in  Drosophila,  in  that  the  homologous 
arms  are  attached  to  the  same  side  of  the  centromere  and  not  to 
opposite    sides.      The    origin    of    the    diplochromosomes    can    be 
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accounted  for  in  terms  of  the  conclusion  already  arrived  at  from 
general  observations,  that  the  chromosomes  divide  in  the  resting 
stage,  while  the  centromeres  do  not  divide  until  metaphase.  The 
argument  is  as  follows.  We  may  suppose  that  mitosis  is  frustrated 
in  these  cases  during  prophase  so  that  the  nucleus  relapses  into  the 
resting  stage,  the  effect  being  merely  an  extreme  example  of  the 
delay  already  noticed.  Then  before  a  new  division  can  occur  the 
chromosomes  will  divide  again,  while  their  centromeres,  which 
divide  only  at  metaphase,  will  be  unaffected.  Each  centromere  will 
then  have  four  chromatids  instead  of  two.  Whether  or  not  this 
explanation  is  sound  we  see  that  not  only  the  independence  of  the 
two  processes  of  division,  but  also  the  particular  time-relationship 
assumed  on  general  grounds  is  corroborated  by  the  structure  of  the 
diplochromosomes. 

The  diplochromosomes  show  relational  coiling,  like  the 
chromatids  at  an  ordinary  mitosis,  but  clearly  visible  owing  to 
repulsion,  like  the  chromosome  coiling  at  diplotene.  The  special 
delay  responsible  for  their  occurrence  might  be  due  to  direct  damage 
to  the  centrosome,  or  to  a  secondary  effect  brought  on  by  treatment 
at  a  particular  stage  of  the  centrosome-cycle.  Since  groups  of  cells 
are  sometimes  affected,  and  the  nuclear  cycles  of  groups  are  syn- 
chronised in  the  spermatogonia,  we  may  infer  the  latter. 

The  immediate  effects  of  irradiation  on  meiosis  differ  from  those 
on  mitosis  in  one  respect,  a  disproportionately  high  production  of 
acentric  fragments  (Stone,  1933  ;  Mather,  1934).  With  a  low 
dosage  the  number  of  bodies  may  be  unaltered  at  mitosis  owing  to 
each  breakage  being  followed  by  a  reunion.  With  a  similar  dosage 
the  number  of  bodies  at  meiosis  is  more  than  doubled  in  Tradescantia 
and  Vicia.  Further,  Tradescantia  is  exceptional  inasmuch  as  these 
fragments  appear  at  metaphase  ;  in  Vicia,  Tulipa,  Primula  and 
elsewhere,  with  and  without  terminalisation,  the  fragments  do  not 
appear  until  anaphase.  Probably  the  explanation  of  this  difference 
is  that  the  fragments  are  held  to  their  unbroken  partners  at  pachy- 
tene in  most  organisms  which  have  complete  pairing,  while  in 
Tradescantia  with  incomplete  pairing,  they  lie  free.  The  explana- 
tion of  lack  of  reunion  of  breakage-ends  of  chromosomes  at  meiosis 
is  probably  the  pachytene  pairing,  which  prevents  the  necessary 
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movement  of  the  broken  parts  in  the  nucleus  (Ch.  XII).  Their 
high  frequency  indicates  that  a  proportion  of  breakages  are  reunited, 
as  they  were  before,  in  ordinary  mitotic  irradiation.  Further 
quantitative  study  would  be  useful  to  find  out  what  this  proportion 
may  be.  Another  and  indirect  effect  is  produced  on  meiosis  after 
an  interval,  namely,  an  increase  in  chiasma-frequency  (Mather, 
1934  ;  cf.  Levan,  1935  h,  on  Allium).  All  the  special  properties  of 
meiosis  in  relation  to  X-ray  treatment  depend,  therefore,  on  the 
circumstances  of  pachytene  pairing. 

When  mitosis  is  studied  with  a  longer  interval  after  irradiation, 
a  considerable  reduction  in  the  frequency  of  changes  is  found. 
This  is  due  to  two  kinds  of  selection.  First,  the  acentric  chromo- 
somes are  eliminated  and  the  dicentric  and  ring  chromosomes 
reduced  in  frequency  by  breakage  and  non-disjunction  {cf, 
McCUntock,  1933  b).  Secondly,  cells  with  severe  abnormalities  are 
eliminated  in  competition  with  less  severely  altered  cells.  Such 
competition  is,  of  course,  particularly  severe  in  pollen.  But  where 
all  the  cells  are  damaged  it  becomes  possible  to  effect  fertilisation 
with  such  pollen  grains  as  could  never  do  so  normally,  and  mono- 
somic  Zea  and  polysomic  Oryza  have  been  raised  this  way  (Stadler, 
1930  ;  Ichijima,  1934).  Damaged  pollen  has  similarly  been  used 
to  stimulate  parthenogenesis  in  Triticum  (Ch.  XI). 

The  conditions  of  survival  of  gene  or  structural  changes  are 
very  different  in  diploids  and  polyploids.  Both  are  less  severely 
selected  in  polyploids.  Most  induced  gene  changes,  however,  are 
invisible  in  the  polyploids,  e.g.,  Avena  (Stadler,  1930)  ;  while 
structural  changes  are  visible,  and,  being  less  dangerous,  are  found 
as  deficiencies  such  as  would  be  eliminated  in  the  diploid  {e.g., 
Nicotiana,  Goodspeed,  1930). 

Organisms  are  necessarily  heterozygous  in  regard  to  the  structural 
changes  induced  in  them.  Those  such  as  interchanges,  which 
survive  to  later  generations  can  often  but  not  always  be  obtained  in 
the  homozygous  condition  (McClintock,  1934  ;  Catcheside,  1935  ; 
E.  G.  Anderson,  1935  a  ;  Lewitsky  et  alii,  1934  ;  Muller,  1932). 
In  the  heterozygous  condition  their  behaviour  resembles  that  of 
natural  structural  hybrids  and  has  been  considered  in  conjunction 
with  them.     After  an  interval  of  many  mitotic  cycles  there  is,  as  a 
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rule,  only  the  workable  type  of  chromosome  with  two  ends  and  one 
centromere.  The  changes  in  its  size  may  have  arisen  in  several 
ways,  but  losses  will  often  have  been  eliminated  with  cell-selection 
by  lower  viabiHty,  and  inversions,  unless  including  the  centromere, 
will  not  be  visible.  Observation  of  mitosis  to  show  changes  in 
cells  derived  from  irradiation  is  therefore  restricted  to  what  have 
been  called  "  translocations."  These  have  been  assumed  by 
Lewitsky  and  Sizova  (1934)  always  to  be  simple  "  donations  "  from 
one  chromosome  to  another.  Study  of  meiosis  in  the  progeny  of 
X-rayed  plants,  however,  shows  a  great  number  of  interchanges. 
Large  numbers  have  been  identified  in  Zea,  occurring  at  random, 
but  necessarily  balanced  since  they  have  survived  (Anderson  and 
Clokey,  1934).  In  all  the  products  of  structural  change  in  maize, 
there  is  no  case  of  a  simple  fusion  or  translocation,  or  indeed  of 
any  change  involving  the  attachment  of  unbroken  ends  of  chromo- 
somes, although  there  is  no  mechanical  reason  why  such  changes 
should  not  survive  (McCHntock,  1931  ;  cf.  Ch.  XII).  Changes  of 
size  must  therefore  often  be  due  to  the  interchange  of  unequal 
segments,  such  as  has  been  identified  in  Zea  (Burnham,  1932). 

On  the  assumption  of  a  simple  donation  in  Crepis  capillaris, 
Lewitsky  and  Sizova  have,  however,  concluded  that  since  long  arms 
*'  give  "  to  short  arms  much  more  often  than  they  receive  from  them, 
there  must  be  a  specificity  in  the  direction  of  donation.  But  when 
we  assume  interchange  we  see  that  this  apparent  specificity  is 
nothing  more  than  the  inevitable  result  of  a  size  difference.  When 
a  large  body  exchanges  parts  at  random  with  a  small  body  it 
stands  to  lose  by  the  transaction.  There  is  therefore  no  specificity 
in  the  direction  of  transfer. 

With  regard  to  a  possible  specificity  in  the  places  of  breakage, 
some  workers  have  concluded  on  occasional  evidence  that  breakage 
is  more  frequent  near  the  centromere  than  elsewhere,  but  this  is  not 
generally  so.  It  may  be,  however,  that  the  X  chromosome  is  more 
frequently  broken  than  the  autosomes  in  Orthoptera  (White,  1935). 

Not  only  may  the  genes  and  gene-string  be  broken  by  irradiation, 
but  also,  as  we  have  seen,  the  centrosome  may  be  prevented  from 
dividing.  We  do  not  know  whether  this  is  a  direct  or  indirect  effect. 
It  is  possible,  however,  that  a  direct  change  may  be  induced  in  the 
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The  Formation  of  Acentric  and  Dicentric  Chromatids  and 
Chromosomes  by  Crossing-over  (figs,  i  and  2)  and  Irradia- 
tion  (figs.  3-8) 

Figs,  i  and  2.— Criss-cross  separation  of  dicentric  chromosomes  in  a 
binucleate  pollen  grain  of  a  triploid  Tulipa  following  non-disjunction  of 
dicentric  chromatids  at  meiosis.      X  1000.     (Upcott,  unpubhshed.) 

jTjQ  3 — Metaphase  in  root-tip  of  Crocus  Olivieri.  Six  centric 
constrictions,  two  in  one  chromosome  at  5  o'clock  owing  to  chromosome 
breakage.     (Mather  and  Stone,  I933-) 

Fig.  4. Pollen  grain  of  Allium  Moly  with  pseudo-chiasma  due  to 

chromatid  breakage  which  follows  irradiation  at  the  end  of  the  resting 
stage.  (Mather  and  Faberge,  unpublished.  2B.E.  -  gentian-violet 
smear.) 

Fjg  3. — Tulipa  root-tip  wdth  dicentric  chromosomes.  (Mather 
and  Stone,  I933-) 

Fig.  6. — Anaphase  of  mitosis  in  a  root-tip  of  Tulipa,  showing  criss- 
cross separation  of  dicentric  chromatids.     (Mather  and  Stone,  I933-) 

Figs.  7  and  8. — The  same  in  Vicia  Faba,  showing  ring  chromatid  and 
;Vf — interlocking  of  dicentric  chromatids.     (Roller,  I934-) 
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centromere  by  irradiation  in  two  ways.  First,  areas  of  endosperm, 
after  irradiation  in  Zea,  may  show  the  apparent  results  of 
"  deficiency."  This  sometimes  consists  in  the  loss  of  a  whole 
chromosome,  since  the  recessive  types  of  a  group  of  linked  factors 
may  appear.  Islands  occur  in  which  the  dominants  reappear. 
This  may  be  explained  as  due  to  the  failure  of  the  chromosome 
carrying  the  dominants  to  divide,  and  its  later  recovery  of  this 
capacity  (Stadler,  1930).  Such  an  effect  is  most  easily  understood 
as  the  result  of  a  single  change,  and  it  may  be  supposed  that  this 
change  consists  in  injury  to  the  centromere  which  temporarily 
prevents  its  division  and  consequently  the  separation  and  redivision 
of  the  two  chromatids. 

Secondly,  McClintock  found  (1933)  that  on  two  occasions  a  ring 
and  rod,  each  with  a  centromere,  arose  from  one  chromosome  by 
X-raying.  Whether  this  is  due  to  breakage  of  the  centromere  or 
to  the  preservation  of  a  ring  from  a  multiple  breakage  and  non- 
disjunction, it  is  difficult  to  say  on  account  of  the  special  conditions 
of  survival  of  rings  in  diploids.  Unless  they  are  supernumerary  the 
complement  will  be  defective. 

Evidence  of  a  transverse  doubleness  of  the  centromere  is  uncertain 
in  most  organisms.  Its  appearance  at  pachytene  and  at  first 
anaphase  sometimes  suggests  transverse  doubleness,  but  the 
interpretation  is  open  to  doubt  (D.,  1933  a).  In  Ascaris,  however, 
the  movements  of  the  large  multiple  chromosomes  indicate  that 
there  is  a  row  of  centromeres  distributed  along  the  chromosomes  at 
intervals,  for  instead  of  the  chromosome  moving  to  the  pole  first 
at  one  point,  the  whole  of  the  middle  part  moves  together  (Schrader, 
1935  ;  White,  1936).  The  existence  of  several  centromeres  would 
account  for  the  chromosome  breaking  up  into  several  independent 
bodies  when  "  diminution  "  takes  place.  It  is  merely  necessary  to 
suppose  that  in  the  cells  where  no  such  breakage  takes  place  the 
chromatids  have  lain  parallel  between  the  centromeres,  while  in 
those  where  breakage  occurs  there  has  been  a  persistence  of  chromatid 
coiling.  The  irregular  numbers  of  chromosomes  found  after 
breakage  may  then  be  due  to  irregular  coiling.  In  this  way  the 
structural  change  of  diminution  will  be  physiologically  controlled. 
White  has  demonstrated  the  correctness  of  this  view  by  irradiation. 
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When  the  multiple  chromosomes  are  broken  in  the  middle,  instead 
of  giving  monocentric  and  acentric  fragments,  they  yield  two  or 
more  functional  chromosomes. 

The  theoretical  consequences  of  the  breakage  of  chromosomes 


Fig.  129. — Metaphase,  anaphase  and  telophase  of  the  second  cleavage 
division  and  metaphase  of  the  third  in  Ascaris  showing  frag- 
mentation and  diminution  of  the  polycentric  chromosomes. 
(Boveri,  1904.) 

by  irradiation  are  manifold.  Its  bearing  on  the  theory  of  the 
gene  has  already  been  discussed.  Its  bearing  on  the  theory  of 
structural  change,  especially  the  question  of  whether  delayed 
reunion  can  take  place,  will  be  considered  later.  It  is  of  immediate 
importance,  however,  to  the  theory  of  the  centromere  and  of  its 
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time  of  division  in  relation  to  the  chromosomes.  The  distinction 
between  acentric  fragments  and  functional  monocentric  chromo- 
somes first  became  clear  from  the  results  of  irradiation.  They 
showed  that  the  centromere  was  a  self-perpetuating  body  and 
incapable  of  arising  de  novo  or  from  other  chromomeres.  The 
inference  had  already  been  drawn  both  directly  and  on 
mechanical  grounds  that  in  mitosis  the  chromomeres  divided 
during  the  resting  stage  and  the  centromeres  divided  at  metaphase, 
while  both  these  processes  were  relatively  delayed  owing  to  the 
precocity  of  meiosis  (D.,  1932).  These  conclusions  are  now  borne 
out  by  both  the  genetical  and  cytologic  al  evidence  of  irradiated 
material.  Chromatid  breaks  and  chromosome  breaks  are  found 
at  the  first  mitosis  after  treatment  of  the  resting  nucleus  at  different 
stages.  The  evidence  of  the  diplochromosomes  is  of  especial 
significance  in  relation  to  the  centromere,  for  it  shows  two  of  its 
properties  ;  first,  that  its  division  is  dependent  on  the  action  of  the 
spindle  or  more  properly  of  the  centrosomes  and  is  independent  of 
the  division  of  the  chromomeres  ;  secondly,  that  its  division  is 
later  than  that  of  the  chromomeres.  Finally,  we  see  that  mitotic 
"  bivalents "  united  by  pseudo-chiasmata  which  result  from 
chromatid  interchange  do  not  orientate  themselves  on  the  spindle, 
and  do  not  separate  Hke  meiotic  bivalents  owing  to  their  centromeres 
being  already  in  process  of  division  and  already  having,  therefore,  an 
internal  property  such  as  polarity,  which  the  centromeres  of  chromo- 
somes at  meiosis  do  not  acquire  until  a  later  stage.  These  observa- 
tions have  an  important  bearing  on  the  external  mechanics  of  the 
chromosomes  which  will  be  considered  later. 


CHAPTER  XI 

THE    BREAKDOWN    OF    THE    GENETIC    SYSTEM  : 

CONTROLLED 

Classification — Apomixis  and  the  Life  Cycle — Parthenogenesis — The  Haplo- 
Diploid  System — Apogamy — Apospory — Adventitious  Apomixis — Meiosis  in 
Functional  Cells  —  In  Non  -  Functional  Cells  —  Pseudogamy  —  Conditions 
Determining  Apomixis — Chromosome  Numbers  of  Apomictic  Plants. 

And  Earth  .  .  .  bare  also  the  fruitless  deep  without  the  sweet  union  of 
love. 

Hesiod,  Theogony,  131-132. 

I.    DEFINITION   AND   CLASSIFICATION* 
Having  considered  the  breakdown  of  reproduction  inductively 
from  the  great  variety  of  unregulated  examples  arising  chiefly  in 
experiment,  we  can  now  turn  to  the  natural  and  regulated  types  of 
breakdown  which  are  included  under  the  description  of  apomixis. 

Apomixis  may  be  defined  (following  Winkler,  1908)  as  a  system 
of  reproduction  having  the  external  character  of  sexual  reproduction 
but  omitting  one  or  both  of  its  essential  cellular  processes.  These 
are  meiosis  and  fertilisation.  Clearly  if  only  one  of  these  is  omitted 
the  irregularity  cannot  become  a  habit,  and  examples  of  such  non- 
recurrent abnormalities  will  be  specially  considered.  The  abnor- 
mality is  recurrent  where  both  processes  are  omitted  from  the  life 
cycle,  and  this  happens  in  species  of  all  the  principal  groups  except 
the  Vertebrata,  Echinoderma,  Bryophyta  and  Gymnospermse 
(cf.  Ernst,  1918  ;  Winkler,  1921  ;  Prell,  1923  ;  Ankel,  1929  ; 
Rosenberg,  1930). 

Where  the  specialised  reproductive  bodies,  spore  and  egg-cell, 
continue  to  function  the  abnormality  is  known  as  parthenogenesis. 
An  important  distinction  can  then  be  made  between  a  type  of 

*  The  usage  of  terms  in  this  chapter  is  that  found  most  convenient  in 
approaching  the  matter  from  a  genetic  point  of  view.  Confusion  in  the 
terminology  is  due  to  writers  approaching  it  from  different  points  of  view. 
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parthenogenesis  in  which  fertihsation  fails  first,  and  a  type  in  which 
meiosis  fails  first.  The  effect  will  be  that,  in  the  first,  both 
generations  (normally  haploid  and  diploid)  will  be  haploid,  when  the 
reproduction  is  called  haploid  parthenogenesis,  and  in  the  second, 
both  generations  will  be  diploid,  when  the  reproduction  is  called 
diploid  parthenogenesis  (Fig.  104) .  It  will  be  seen  that  this  distinction 
can  only  be  made  with  certainty  where  the  origin  of  the  new  system 
is  known  or  the  normal  type  of  reproduction  can  be  compared  with 
the  aberrant  ;  this,  however,  is  usually  possible.  Further,  in  such 
a  case  as  that  of  apparent  diploid  parthenogenesis  in  Chara  crinita 
(Ernst,  1918)  it  is  possible,  although  not  plausible,  to  assume  that 
failure  of  a  mitotic  division,  not  failure  of  meiosis,  was  the  starting- 
point  of  a  parthenogenetic  mode  of  reproduction  (cf.  Winkler,  1921). 

In  the  higher  animals  the  specialised  germ-ceU  is  always  the 
immediate  product  of  meiosis,  or  some  modification  of  meiosis,  in  the 
specialised  mother-cell,  and  where  meiosis  fails  in  parthenogenesis 
the  specialised  function  of  the  mother-cell  (oocyte)  and  the  gamete 
(egg-cell)  are  always  retained.  But  in  plants  with  an  alternation  of 
generations  there  are  specialised  spore  mother-cells  and  specialised 
gametes  developed  at  different  parts  of  the  life  cycle,  and  un- 
specialised  cells  may  be  substituted  for  either  or  both  of  these  when 
meiosis  and  fertilisation  are  omitted.  Thus  not  only  the  character- 
istic processes  but  also  the  characteristic  organs  of  sexuality  are  lost. 
Where  the  spore  mother-cell  either  fails  to  develop  or  does  not 
function  in  reproduction  we  speak  of  apospory,  and  where  the  normal 
gamete  cell  does  not  function  we  speak  of  apogamy.  When  both  of 
these  are  combined  only  the  external  character  of  seed  production 
distinguishes  the  development  of  the  embryo  from  vegetative 
propagation. 

Apomixis  will  first  be  considered  in  relation  to  the  life  cycle  in  the 
most  important  groups  in  which  it  occurs. 

2.    APOMIXIS    IN   RELATION   TO   THE   LIFE   CYCLE 

(i)  Higher  Animals  (Metazoa).  (a)  Diploid  Parthenogenesis. 
In  many  species  of  insects,  crustaceans  and  nematodes  this  form 
of  parthenogenesis  is  obligatory.  Parthenogenetic  females  produce 
only  their  like,  by  a  failure  of  meiosis  at  maturation  in  the  oocyte. 
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In  others,  parthenogenesis  is  facultative  :  parthenogenetic  females 
may  give  rise  to  sexual  females  and  sexual  males.  In  some  of  these 
(e.g.,  Daphnia,  Banta  et  alii,  1926,  and  Rotifera)  the  succession  of 
sexuality  and  parthenogenesis  is  irregular,  in  others  they  come  in 
a  definite  cycle  (e.g.,  in  Aphides).  The  conditions  immediately 
determining  this  cycle  will  be  seen  later. 

(h)  Haploid  Parthenogenesis.  With  the  haplo-diploid  system 
of  sex-differentiation  found  in  many  animals,  haploid  partheno- 
genesis gives  male  offspring  (Ch.  IX). 

(ii)  Ferns  (Pteridophyta) .  In  the  ferns  the  two  generations  have 
an  independent  existence,  and  it  is  therefore  possible  to  distinguish 
the  different  abnormal  sexual  processes  more  readily  than  in  the 
flowering  plants.  Nevertheless  a  great  deal  of  the  older  work  in 
this  field  is,  as  Manton  (1932)  says,  ambiguous.  All  types  naturally 
occurring  involve  the  suppression  of  meiosis  and  fertilisation  and 
may  be  classified  as  follows  : — 

(a)  Diploid  Parthenogenesis,  i.e.,  without  loss  or  substitution 
of  the  special  organs — spores  and  gametes  (e.g.,  Marsilia  Drummondii, 
Strasburger,  1907).  In  this  type  two  diploid  spores  are  formed  as 
a  result  of  the  failure  of  reduction,  instead  of  four  haploid  ones,  and 
the  egg-cells  developed  on  the  diploid  prothallia  (gametophytes) 
grow  into  sporophytes  without  requiring  fertilisation  (cf.  Gustafsson, 

1935). 

(b)  Apospory,  i.e.,  with  substitution  of  unspecialised  cells  for  the 

spores  (e.g.,  Athyrium  Filix  fcemina  var.  clarissima  Bolton,  and 
Scolopendriiim  vulgare  var.  crispum  DrummondcB ,  Farmer  and 
Digby,  1907).  In  this  type  the  gametophyte  does  not  develop  from 
a  spore  but  as  a  purely  vegetative  outgrowth  of  the  sporangium  or 
the  tip  of  the  frond.  It  is  diploid,  meiosis  having  been  completely 
omitted,  and  it  produces  diploid  egg-cells.  These  develop  without 
fertilisation,  but  perhaps  require  the  stimulation  of  the  sperm  as  in 
pseudogamy  (cf.  Andersson-Kotto,  1931). 

(c)  Apogamy,  i.e.,  with  substitution  of  unspecialised  cells  for  the 
gametes  (Nephrodium  hirtipes,  Steil,  1919).  In  this  type  the 
sporophyte  arises  as  a  purely  vegetative  outgrowth  from  the 
gametophyte  (prothallium),  which  is  diploid,  having  arisen  from 
unreduced   spores.     In    the   example,    antheridia   were   produced 
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although  there  were  no  archegonia.  The  failure  of  reduction  was 
evidently  due,  as  in  Marsilia,  to  the  formation  of  restitution  nuclei 
following  imperfect  pairing  of  the  chromosomes  at  the  first  meiotic 
division  (cf.  Rosenberg,  1927,  1930). 

[d)  Apospory  with  apogamy  [Athyrium  Filix  foemina  var. 
clarissima  Jones,  Farmer  and  Digby,  1907  ;  Nephrodium pseudo-mas, 
Rich.  var.  cristata,  Digby,  1905).  In  this  type  both  the  alternating 
generations  arise  from  unspecialised  cells  by  purely  vegetative 
processes. 

These  abnormalities  may  be  variously  combined  with  one  another 
in  the  same  individual  (Digby,  1905). 

(iii)  Flowering  Plants  (Angiospermae).  In  the  angiosperms  the 
same  types  of  abnormality  occur  as  in  the  ferns.  Relatively  few 
of  the  great  number  of  forms  which  are  known  to  be  apomictic 
from  genetic  experiment  have  yet  been  studied  cytologically. 

The  following  classification  applies  to  the  ways  in  which  an 
embryo  may  develop  asexually  in  the  angiosperms  ;  it  is  not  a 
final  classification  of  the  habits  of  species,  for  it  is  often  found  that 
when  sexuality  fails  it  is  replaced  in  several  competing  ways  in  the 
same  species. 

{a)  Diploid  Parthenogenesis.  In  the  sexual  relatives  of  most 
angiosperms  developing  in  this  way  the  egg-cell  with  its  eight 
nuclei  arises  from  the  end  one  of  the  four  cells  produced  by  meiosis. 
This  is  the  "  normal  "  type.  A  "  S cilia  "  type,  where  it  arises  from 
two  of  the  four,  is  found  in  the  sexual  relatives  of  the  partheno- 
genetic  Erigeron,  and  a  "  Lilium  "  type,  where  it  arises  from  aU  four 
together,  ,is  found  in  the  relatives  of  Balanophora.  In  many 
sexual  forms  behaviour  is  variable  and  in  an  aberrant  sexual  form 
of  Leontodon  the  four  cells  sometimes  separate  and  then  later  their 
wall  breaks  down  and  they  join  to  form  one  embryo-sac  (Bergman, 

1935). 

Evidently  the  cells  that  are  going  to  contribute  to  the  embryo-sac 
are  distinguished  from  their  sisters  at  the  time  when  the  first  division 
occurs  without  forming  cell-walls  and  this  time  is  often  variable. 

With  parthenogenesis  it  was  formerly  believed  that  an 
"  Alchemilla  "  type  corresponding  to  the  normal  sexual  forms 
might  stiU  occur.     If  an  unreduced  embryo-sac  were  produced  in 
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this  way  there  would  need  to  have  been  a  double  division  of  the 
univalent  chromosomes  such  as  is  never  regularly  found  in  plant 
hybrids.  Gustafsson  (1935)  considers  that  unreduced  embryo-sacs 
such  as  would  be  capable  of  development  without  fertilisation  do 
not,  in  fact,  arise  in  this  way.  Where  "  normal  "  embryo-sacs 
have  been  described  in  Thismia  and  Artemia  they  have  probably 
arisen  by  reduction  and  will  be  incapable  of  parthenogenetic 
development  (v.  Table  68).  In  most  parthenogenetic  plants  the 
normal  meiosis  is  replaced  by  a  single  division,  as  it  is  in  hybrids 
where  pairing  has  failed.  There  are  then  two  possibilities  of 
development  corresponding  to  the  three  of  sexual  plants.  We 
should  expect  that  those  having  a  normal  type  in  the  sexual  repro- 
duction of  their  relatives  would  have  the  egg-cell  developing  from 
one  of  the  two  cells  produced  by  the  non-reducing  meiosis.  This 
is  so,  as  a  rule,  in  Taraxacum  (Gustafsson,  1935)  and  Chondrilla 
(Poddubnaja-Arnoldi,  1933,  1934).  But  in  many  other  groups  the 
embryo-sac  develops  from  both  the  daughter-cells,  in  other  words 
the  mother-cell  develops  directly  into  the  embryo-sac  (Fig.  130), 
e.g.,  in  E'U-Hieracium  (Rosenberg,  1917),  Antennaria  (Stebbins, 
1932  b  ;  Bergman,  1935  a),  Ochna  (Chiarugi  and  Francini,  1930), 
and  Ixeris  (Okabe,  1932).  In  these  cases  there  has  evidently  been 
a  shift  in  the  development  of  the  embryo-sac.  Failure  of  cell-wall 
formation  begins  earlier  than  in  the  corresponding  sexual  species, 
and  as  is  usual  in  such  circumstances,  the  change  is  variable  in  its 
effect  ;  most  forms  exceptionally  have  development  from  one 
instead  of  from  both  the  products  of  meiosis.  Such  variations  have 
been  most  accurately  described  in  Artemisia  (Table  68,  Chiarugi, 
1926). 

The  behaviour  of  the  polar  nuclei  is  variable  in  parthenogenesis. 
These  nuclei  in  sexual  reproduction  fuse  with  a  pollen  nucleus  to 
give  the  triple  endosperm  nucleus.  Clearly  in  parthenogenesis 
the  same  three  to  two  proportion  in  the  nuclear  content  of  endo- 
sperm and  embryo  cannot  usually  be  established  as  in  sexual 
reproduction.  It  has  been  found  that  in  Erigeron  annuus 
(Holmgren,  1919)  the  polar  nuclei  fuse,  while  in  Balanophora  (Ernst, 
1 91 4)  they  do  not.  Zephyr anthes  is  remarkable  in  one  generative 
nucleus  of  the  pollen  fusing  with  a  polar  fusion-nucleus,  so  that  the 
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endosperm  is  sexually  produced,  while  the  other  generative  nucleus 
does  not  fuse  with  the  egg  cell  (Pace,  1913). 

{b)  Apogamy,  the  development  of  cells  other  than  the  egg  cell 

ApOMIXIS   in  i2^ANGIOSPERMS 
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Fig.  130. — Diagram  of  different  forms  of  apomixis  found  in  the 
flowering  plants.  Unbroken  lines  show  the  course  of  sexual 
reproduction,  broken  lines,  of  apomixis.  The  species  given  are  not 
all  fixed  in  the  particular  kind  of  apomixis  here  assigned  to  them 
[cf.  Table  68).  N.B. — The  normal  embryo  (2w)  is  derived  from 
a  nucleus  of  the  embryo-sac  (ES)  and  of  the  generative 
nucleus  (GN). 

into  the  embryo  sporophyte,  is  probably  not  very  important.  The 
synergids  and  antipodal  nuclei  have  been  supposed  to  give  rise  to 
supernumerary  embryos  in  the  facultatively  parthenogenetic 
Allium    odorum    (Haberlandt,    1923).     In    order   to    give    diploid 
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embryos  they  must  first  fuse  in  pairs  or  fail  to  separate  at  mitosis. 
Such  a  doubUng  in  the  antipodal  nuclei  is  characteristic  of  a  section 
of  the  related  genus  Tulipa  (Ch.  III). 

(c)  Apospory,  the  development  of  cells  other  than  the  embryo-sac 
cell  into  the  gametophyte,  is  probably  important  in  many  species. 
In  Hieracium  Ptlosella  cells  in  the  nucellus  or  integument  may 
develop  into  embryo-sacs,  which,  of  course,  are  diploid  (Rosenberg, 
1906,  1930).  These  compete  successfully  with  the  reduced  embryo- 
sac  in  development  and  usurp  its  function.  This  is  reminiscent  of 
the  Renner  effect  (Ch.  IX).  Apospory  is  also  found  in  Artemisia 
nitida  (Chiarugi,  1926)  and  in  OcJina  serrulata  (Chiarugi  and  Francini, 

1930). 
In  all  these  species  the  normal  embryo-sac  has  a  chance  of 

developing,     either     by     fertilisation,      as    in     Hier  actum,      or 

parthenogenetically,    as    in    Artemisia    and    Ochna.     The    first    is 

conditioned  by  the  formation  of  a  viable  gamete  in  a  plant  which  is 

Slightly  sterile  sexually  owing  to  hybridity  ;  the  second  is  conditioned 

by  the  formation  of  a  diploid  embryo-sac  cell  by  the  successful 

suppression  of  meiosis  in  a  plant  in  which  this  suppression  has  not 

become  a  constant  process.     Apospory  may  then  be  said  to  be 

characteristically  developed  in  those  plants  which  are  too  hybrid 

to  be    regularly  sexual    or   not   hybrid   enough   to   be   regularly 

parthenogenetic.     It  bridges  the  gap. 

(d)  Apospory  with  apogamy  occurs  in  two  ways.  Nucellar 
Emhryony  is  the  purely  vegetative  development  of  cells  in  the 
nucellus  or  integument  into  the  embryo  sporophyte.  It  gives 
supernumerary  embryos  in  sexually  reproducing  plants  {e.g.,  Citrus, 
Zygopetalum),  and  occurs  as  with  parthenogenesis  in  Alchemilla, 
Nothoscordon  fragrans,  and  Ochna  "  multiflora,"  which  are  sexually 
sterile. 

Vivipary  is  the  replacement  of  the  flower  by  a  purely  vegetative 
outgrowth,  which  is  capable  of  propagating  the  plant  as  a  bulbil. 
It  is  principally  developed  facultatively  and  then  shows  considerable 
variation  subject  to  environmental  influence.  It  is  found  in  Allium, 
Poa,  and  Festuca,  especially  in  sexually  sterile  species,  such  as 
triploids  and  auto-tetraploids  (Levan,  1933  a  ;  Miintzing,  1933)- 
The  imposture  is  recognisable  at  once  from  the  external  morphology 
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of  the  organism,  so  that  this  method  of  reproduction  need  not  be 
described  as  apomixis. 

For  simpHcity  the  different  abnormaUties  of  reproduction  have 
so  far  been  considered  separately,  but  in  their  occurrence  they  are 
not  easily  separable.  It  is  common  for  apomictically  reproducing 
plants  to  show  several  abnormalities  together.  This  is  particularly 
well  exemplified  by  Artemisia  nitida  (Chiarugi,  1926).  This  triploid 
species  is  sexually  sterile  and  its  normally  produced  megaspores  die, 
their  place  being  taken  by  aposporous  embryo-sacs.  Failure  of 
reduction  gives  diploid  parthenogenesis,  so  that  seed  may  develop 
in  two  ways  and  in  three  other  ways  may  fail  to  develop  (Table  68) . 
One  ovule  may  contain  several  mother-cells  and  show  all  these 
variations  side  by  side.  In  Ochna  serriilata,  a  different  complication 
arises  :  the  differentiation  of  tissues  in  the  ovule  is  not  always 
clear,  so  that  the  distinction«between  parthenogenesis  and  apospory 
fades  away. 

Which  of  these  different  types  of  reproduction  can  be  successful 
is  probably  decided  by  competition.  Clearly  the  haploid  or 
irregularly  reduced  embryo-sac  of  a  hybrid  will  stand  little  chance 
against  the  somatic  embryos.  Where  numerical  reduction  has 
failed  the  odds  will  be  reversed.  This  competition  has  been  well 
illustrated  by  Haberlandt  (1921  h)  in  Hieracium  flagellare.  Such 
competition  is  perhaps  characteristic  of  all  stages  of  development  of 
gametophytes  and  embryos  in  hybrids,  as  in  (Enothera. 

A  different  range  of  abnormality  is  found  in  Allium  odorum 
according  to  Modilewski  (1930).  The  egg-cell  develops  in  one  of 
four  ways :  (i)  normally,  after  reduction  and  double  fertilisation  ; 
(ii)  after  failure  of  reduction  with  fertiHsation  of  the  fusion  nucleus 
only,  so  that  the  embryo  is  diploid,  the  endosperm  pentaploid,  as  in 
Zephyranthes ;  (iii)  after  failure  of  reduction  but  without 
fertilisation  of  the  fusion  nucleus  ;  (iv)  by  haploid  parthenogenesis. 
The  last  two  processes  result  in  degeneration  at  an  early  stage  : 
fertilisation,  single  or  double,  is  indispensable. 

(iv)  Lower  Organisms  (Thallophyta  and  Protista).  Amongst  the 
lower  organisms  alone  is  found  the  type  of  reproduction  in  which 
meiosis  immediately  follows  fertilisation,  and  is  perhaps  immediately 
conditioned  by  it  (D.,  1932).     In  these  we  find  both  diploid  par- 
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thenogenesis  (e.g.,  Chara  crinita,  Ernst,  1918  ;  Cocconeis  placentida, 
Geitler,  1927)  and  haploid  parthenogenesis  [e.g.,  many  fungi, 
Camarophylltis,  Bauch,  1926  ;  Schizophyllum,  Kniep,  1928  ; 
Saprolegnia,  Mackel,  1928). 


3.   NON-RECURRENT   APOMIXIS 

The  omission  of  one  of  the  two  essential  sexual  processes  (meiosis 
and  fertilisation)  without  the  other  is  necessarily  a  non-recurrent 
abnormality  of  the  life  cycle,  for  it  would  otherwise  lead  to 
indefinite  reduction  or  indefinite  multiplication  of  the  numbers  of 
the  chromosomes.  Such  an  omission  can  therefore  be  expected  only 
as  a  result  of  exceptional  conditions,  whether  genetic  or  external, 
whether  natural  or  artificial — if  the  distinction  can  be  made. 
These  kinds  of  conditions  have  often  been  found.  Of  the  three  types 
of  result,  one,  the  formation  of  unreduced  gametes,  especially  in 
hybrids,  is  of  great  importance  in  the  origin  of  polyploids.  It 
has  been  considered  in  relation  to  the  breakdown  of  meiosis  (Ch.  X). 

(i)  Parthenogenesis.  This  abnormality,  the  omission  of  fertilisa- 
tion without  the  omission  of  meiosis,  has,  with  a  few  doubtful 
exceptions,  been  observed  to  give  mature  progeny  only  in  certain 
flowering  plants  of  various  groups.  The  early  stages  of  develop- 
ment of  this  kind  have  been  found  in  some  animals  and  in  Cutleria 
(Phseophyceae)  by  Yamanouchi  (1912),  where  the  female  gameto- 
phyte  was  protected  from  fertilisation.  The  egg-cell  develops  with- 
out fertilisation  into  the  embryo  sporophyte.  The  development  has 
been  observed  at  all  stages  in  Solanum  (j0rgensen,  1928)  ;  in  other 
cases  it  is  inferred  from  the  seedling  being  of  a  reduced  size  and 
having  the  reduced  chromosome  number  and  external  character  of 
one  parent.  Table  66  records  the  evidence  of  this  kind  in  the 
best  authenticated  examples.  In  the  last  group,  the  seedlings 
resembled  their  male  parent  and  had  half  its  chromosome  number, 
so  that  the  inference  was  drawn  that  a  male  nucleus  entered  the 
egg-cell,  whose  nucleus  died  while  the  pollen  nucleus  gave  rise  to  the 
embryo.  This  "  male  parthenogenesis  " — or,  it  might  be  said, 
cuckoo-parthenogenesis — is  analogous  to  that  stimulated  artificially 
in  Vaucheria  (v.  Wettstein,  1920),  and  in  echinoderms,  where  it  is 
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possible  to  "  fertilise  "  an  artificially  enucleated  egg  fragment  with 
a  normal  sperm  (cf.  Belar,  1933  ;   Fankhauser,  1934). 

Crane  and  j0rgensen  have  produced  haploid  plants  of  Solanum 
nigrum  by  inducing  parthenogenesis  in  two  ways  :  (i)  a  periclinal 
chimaera  of  one  layer  of  5.  sisymhrifolium  over  S.  nigrum  var.  gracile 
was  self-pollinated.  Owing,  it  is  believed,  to  the  purely  nigrum 
pollen  grains  growing  less  satisfactorily  in  the  chimaera,  few  ovules 
were  fertilised  ;  others,  apparently  stimulated  by  the  pollination, 
developed  parthenogenetically.  One  haploid  plant  was  raised  :  it 
was  a  dwarf  5.  nigrum  in  character  ;  (ii)  ninety  flowers  of  S.  nigrum 
were  pollinated  by  S.  luteum  and  yielded  43  fruits  with  70  seeds,  of 
which  35  germinated  ;  7  were  haploid,  and  the  remaining  28  diploid. 
All  were  maternal  in  character.  Genetical  evidence  later  pointed 
to  somatic  doubling  of  the  chromosome  number  at  an  early  stage  in 
the  parthenogenetic  embryos,  and  not  to  failure  of  reduction,  as  the 
explanation  of  the  origin  of  the  diploid  progeny.  Similar  evidence 
shows  that  such  haploid  parthenogenesis  followed  by  doubling  is 
probably  very  common  when  interspecific  crosses  are  made  in 
Fragaria  and  Nicotiana  (East,  1930),  and  it  may  reasonably  be 
supposed  that  these  observations  are  of  general  significance  in  the 
flowering  plants. 

When  the  embryo-sacs  of  S.  nigrum  were  examined  after  cross- 
pollination  with  5.  luteum,  it  was  found  that  one  or  both  of  the 
generative  nuclei  of  a  pollen  grain  had  often  entered  an  egg-cell  and 
later  degenerated,  as  in  artificial  parthenogenesis,  in  the  echinoderms. 
Probably  in  the  same  way  the  egg-cell  nucleus  degenerates  in  the 
occurrence  of  male  parthenogenesis. 

The  Triticum  compactum  haploid  arose  from  an  exceptionally 
large  seed — the  opposite  of  what  would  be  expected  if  the  pollen 
played  no  part  in  its  development.  This  suggested  to  Gaines  and 
Aase  that  its  origin  was  due  to  both  the  generative  nuclei  of  the 
pollen  fusing  with  the  central  nucleus  to  give  a  tetraploid  instead 
of  a  triploid  endosperm  nucleus. 

Triticum  monococcum  haploids  have  been  produced  by  pollinating 
the  plants  with  their  own  X-rayed  pollen  which  presumably,  like 
that  of  another  species,  will  stimulate  development  without  con- 
summating fertilisation. 
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The  fifty  Datura  haploids  (cf.  Blakeslee,  Morrison  and  Avery, 
1927)  owed  their  origin  to  the  stimulation  of  cold  (cf.  Haberlandt, 
1927),  or  to  pollination  with  Datura  ferox. 

Special  conditions  are  responsible  for  the  origin  of  haploids  in 
Limim  (Kappert,  1933).  Here  a  single  fertilised  Qg^  may  divide 
to  give  twin  or  multiplet  embryos.  This  polyembryony  may  take 
the  form  of  a  second  haploid  cell  in  the  embryo  sac  growing  up 
beside  the  normal  diploid  embryo  to  give  a  haploid-diploid  twin. 
A  similar  process  is  found  in  Gossypium  and  Oryza. 

We  can  therefore  point  to  five  conditions  which  lead  to  non- 
recurrent parthenogenesis  in  the  flowering  plants  :  (i)  Exceptional 
external  conditions  (temperatures).  (ii)  Pollination  without 
fertilisation  or  with  fertilisation  of  neighbouring  ovules  only, 
(iii)  Accidental  fusion  of  both  male  nuclei  with  the  fusion  nucleus, 
(iv)  The  entry  of  an  alien  nucleus  into  the  egg-cell  without  fusion, 
(v)  A  genetic  propensity  for  polyembryony.  Three  of  these  con- 
ditions are  often  called  forth  by  cross-pollination  with  another 
species,  and  it  would  appear  that  by  this  means  parthenogenetic 
seedhngs  could  be  obtained  in  most  groups  of  the  dicotyledons,  for 
they  have  been  found  wherever  they  have  been  thoroughly  searched 
for.  Therefore,  although  non-recurrent  parthenogenesis  has,  for 
obvious  reasons,  been  found  only  under  experiment,  there  is  no 
reason  to  doubt  that  it  occurs  in  nature,  at  least  in  cross-pollinated 
plants. 

Nevertheless,  two  genetical  conditions  appear  to  limit  the 
occurrence  of  non-recurrent  parthenogenesis.  First,  the  plant  must 
be  sexually  fertile  and  homozygous  or  nearly  so,  for  the  conditions 
which  eliminate  the  segregates  of  highly  heterozygous  organisms 
(such  as  interspecific  hybrids)  and  lead  to  their  sterility  are  much 
more  stringent  in  haploid  parthenogenesis,  since  the  single  gametic 
genotype  has  to  meet  all  the  conditions  of  life,  and  not  merely  those 
normal  to  the  gamete  (c/.  Ch.  VIII) .  It  is  much  more  likely  to  do  so 
if  it  has  the  same  qualitative  constitution  as  its  parent,  and  this  is 
possible  only  where  the  parent  is  homozygous.  Attempts  to  obtain 
parthenogenetic  seedhngs  of  heterozygous  species  of  (Enothera  have 
therefore  been  unsuccessful  (Davis,  1931  ;   Stomps,  1931)- 

Secondly,     a     definite     hereditary    predisposition     to     produce 
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parthenogenetic  offspring  is  indicated  in  a  trisomic  diploid  (Enothera 
franciscana  (2n  =  15),  itself  derived  from  a  haploid  seedling  (Stomps, 
193 1).  Such  a  predisposition  is  equally  to  be  regarded  as  a  condition 
of  diploid  parthenogenesis,  for  failure  of  reduction  in  itself  is  no 
stimulus  to  parthenogenesis,  it  merely  permits  repetition  of  the 
lapse. 

In  connection  with  non-recurrent  parthenogenesis  two  other 
errors  of  fertilisation,  both  occurring  under  normal  conditions,  may 
be  mentioned.  It  has  been  possible  to  show  in  Drosophila,  from 
genetical  considerations,  that  a  single,  mosaic,  zygote  may  develop 
from  two  separately  fertilised  eggs  sticking  together  (Stern  and 
Sekiguti,  1931)  and  from  a  binucleate  egg,  the  two  nuclei  of  which 
were  separately  fertilised  (Stern,  1927 ;  cf.  Goldschmidt  and 
Katsuki  on  Bomhyx,  1931  ;   and  Whiting  on  Habrobracon,  1935). 

(ii)  Regeneration  and  Apospory.  By  injury  or  by  vegetative 
propagation  it  is  possible  to  "  regenerate  "  the  gametophyte  of  a 
liverwort  (Marchals,  cf.  191 1)  or  a  moss  (v.  Wettstein,  1924)  from 
the  diploid  tissue  of  the  sporophyte.  The  new  gametophyte  has 
escaped  meiosis  and  is  therefore  diploid.  This  is  artificial  and 
necessarily  non-recurrent  apospory.  From  the  diploid  gametophytes 
tetraploid  sporophytes  are  obtained,  and  by  repeating  this  process 
V.  Wettstein  has  succeeded  in  obtaining  octoploid  sporophytes. 
This  is  possible  only  in  monoecious  forms  like  Amblystegium 
(Marchals,  191 1).  In  dioecious  species  the  2 A  +  2X  and  2^  +  2y 
gametophytes  do  not  give  functional  gametes.  The  same  effect 
has  been  produced  in  the  fern,  Osmunda  (Manton,  1932  ;  cf. 
Schwarzenbach,  1926  ;   Lawton,  1932). 

A  more  complicated  condition  has  been  found  by  Andersson- 
Kotto  (1931,  1932  ;  Andersson-Kotto  and  Gairdner,  1936)  as  a 
result  of  mutation  in  the  fern  Scolopendrium  vulgar e,  but  being 
heritable  the  anomaly  is  recurrent.  When  the  gametophytes  from 
this  plant  were  intercrossed  (a  process  analogous  to  self-fertilising  a 
flowering  plant)  one-quarter  of  the  progeny  developed  the  mutant 
character,  which  is  therefore  a  mendelian  recessive.  The  character 
consists  in  the  development  of  gametophytic  tissue  on  the  fronds 
of  the  sporophyte.  There  is  no  spore  formation  or  meiotic  process 
of  any  kind  at  this  stage.     The  gametophyte,  therefore,  has  the 
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diploid  complement  of  the  sporophyte.  And,  as  in  regeneration, 
it  produces  functional  gametes  which  should  yield  tetraploid 
sporophytes  in  the  next  generation.  This  process  is  recurrent 
although  indefinite  repetition  is  scarcely  conceivable. 

When  crossed  with  another  race  having  the  same  chromosome 
number  {2n  =  60)  the  first  generation  was  normal  and  its 
gametophytes  all  had  30  chromosomes.  Yet  these  produced 
sporophytes  all  having  about  45  chromosomes.  By  selfing  the 
gametophytes  from  these  plants  and  crossing  them  with  normal 
types  it  was  proved  that  the  male  gametes  had  often  undergone  a 
second  reduction,  to  15  chromosomes  {cf.  Manton,  I.e.).  One- 
quarter  of  the  second  generation  were  aposporous  plants,  and  all 
these  bred  true  to  the  character  of  having  a  redundant  although 
apparently  often  imperfect  meiosis.  The  combination  of  apospory 
with  antheridial  meiosis  gave  chromosome  numbers  increasing  by 
about  a  half  in  succeeding  generations,  thus  :  F^,  ca.  45  ;  F^,  ca.  65  ; 
F4,  ca.  95.  These  results  point  to  the  redundant  meiosis  being  an 
independent  hereditary  character.  It  is  analogous  to  the  condition 
in  the  pseudo-hermaphrodite  Icerya  purchasi.  The  reduction  to  15 
indicates  that  the  original  plants  were  tetraploid. 

In  certain  "normal"  derivatives  of  the  mutant  the  spores  have 
been  found  to  be  replaced  in  part  by  spermatozoids  (Gairdner,  1933). 
The  traditional  homologies  which  apply  throughout  the  higher  plants 
are  thus  overthrown  at  one  step.  Such  revolutionary  behaviour  can- 
not perpetuate  itself,  since  no  corresponding  archegonia  are  formed. 
The  stabiHty  of  the  alternation  of  generations  in  the  higher  plants 
and  the  gradualness  of  its  transformation  is  thus  seen  to  depend, 
not  on  the  absolute  and  mystical  distinction  which  morphologists 
have  made  between  the  successive  generations,  but  on  the  impossi- 
bility of  making  a  decisive  change  in  any  one  stage  of  development 
without  making  an  exactly  adapted  change  in  others  at  the  same 
time  ;  in  other  words  without  a  coincidence  in  mutations  such  as 
does  not  occur  in  nature.  The  stability  of  the  distinction  between 
alternating  generations  depends  on  the  complexity  of  their  mutual 
adaptation  and  not  on  a  profound  genetic  difference  between  them. 

The  unbalanced  occurrence  of  apospory  and  parthenogenesis,  as 
well  as  many  observations  on  polyploids,  show  that  the  association 
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of  change  of  chromosome  number  with  the  alternation  of  form  in 
succeeding  generations  is  not  due  to  a  relationship  of  cause  and 
effect,  but  that  the  alternation  of  forms  is  a  genetic  property  of  the 
race  achieved  by  independent  adaptation,  immediately  conditioned 
by  the  stage  in  the  cycle  of  development,  and  therefore  independent 
of  the  chromosome  number. 

Table  67 
Methods  of  Suppressing  Meiosis  with  Diploid  Parthenogenesis 

I .  Little  or  no  metaphase  pairing  Erigeron  spp. 
Restitution    nucleus     (as    in 

Raphanus        -        Brassica  Taraxacum  spp. 

hybrids,  cf.  Fig.  127).  Chondrilla 


Usually  alternative  to  type  2. 


After  a  more  or  less  meiotic 
prophase  the  unpaired 
chromosomes  divide  once 
at  metaphase  (c/.  Fig.  127). 


3.  After  a  prolonged  resting 
stage  a  mitotic  division 
with  mitotically  contracted 
or  intermediate  chromo- 
somes replaces  meiosis 
(alternative  to  type  2). 


Double  division  of  unpaired 
chromosomes  to  give  four 
nuclei      (as      in      Pygcsra 
hybrids) . 
Normal     pairing     and     first 
division  with — 
(i)  Failure         of         second 
anaphase. 


(ii)  Reunion  of  two  daughter- 
nuclei  at  second  telo- 
phase. 

(iii)  Fusion  of  nuclei  in  early 
somatic  division  of 
embryo. 


Ixeris 

Nephrodium  . 

Balanophora 

Artemia  (?)    . 

Phylloxera 

Aphis  palmcB 

Cynips  and  Rhodites 

Rhahditis  sp. 

Daphnia 

Lecanium 

A  rtem  isia 

Archieracium 

Hieracium 

umbellatum. 
A  ntennaria    . 

Eupatorium 

Poa  serotina  {cf. 
Leontodon,  Berg- 
man, 1935  a). 

Bacillus  rossii 

Cocconeis  *     . 

Thismia 

A  rtemisia 


Cypris 
Rhabditis 

monohystera. 
Solenohia  pineti 
Artemia  (i)  or  (ii)    . 

Apotettix  (ii)  or  (iii) 
Solenohia 

triqi4,etrella. 
Trialeurodes 


Holmgren,  191 9 

Carano,   1921. 
Gustafsson,  1934. 
Poddubnaja-Arnoldi, 

1933- 
Okabe,  1932. 
Steil,  1919. 
Kuwada,  1928. 
Fries,  1910. 
Morgan,  1915. 
de  Baehr,  1919. 
Hogben,  1920. 
Belar,  1923. 
Schrader,  1925. 
Thomsen,  1927. 
Chiarugi,  1926. 
Rosenberg,  19 17. 
Bergman,  1934. 

Stebbins,         1932   h 
Bergman,  1935  a. 
Holmgren,  1919. 
Kiellander,  1935. 


V.  Baehr,  1907. 
Geitler,  1927. 
Meyer,  1925. 
Chiarugi,  1926. 


Woltereck,  1898. 
Belar,  1923. 

Seller,  1923. 
Brauer,  1894  ;    Fries, 
1910  ;    Gross,  1935. 
Robertson,  1931  c. 
Seller,  1923. 

Thomsen,  1927. 


*  Pachytene  pairing  seen. 
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4.    MEIOSIS    IN   RELATION   TO    PARTHENOGENESIS 

(i)  Meiosis  in  Functional  Cells  in  Parthenogenesis.  Wliere  the  cell 
which  would  normally  undergo  meiosis  still  enters  into  the  life  cj^cle 
(as  do  the  oocyte,  the  embryo-sac  mother-cell  or  the  spore  mother- 
cell  in  diploid  parthenogenesis)  it  is  clear  that  meiosis  must  be 
suppressed,  so  far  as  it  effects  a  numerical  reduction  of  the  chromo- 
somes. The  ways  in  which  this  happens  may  for  convenience  be 
provisionally  grouped  in  five  classes,  although  gradations  are  com- 
monly observed  between  some  of  them  (cf.  Ch.  X). 

The  first  two  and  the  fourth  of  these  types  of  behaviour  correspond 
closely  with  the  characteristic  abnormalities  of  meiosis  found  in  the 
absence  of  paired  chromosomes  (Fig.  127).  The  third  and  the 
fifth,  on  the  other  hand,  are  found  only  in  conjunction  with 
parthenogenesis  and  cannot  be  derived  directly  from  the  behaviour 
known  in  hybrids  and  autopolyploids.  Their  origin  we  shall 
consider  later. 

Side  by  side  with  these  regular  abnormalities  others  occur, 
particularly  in  the  spore  mother-cells  of  aposporous  plants,  but 
also  sometimes  in  those  reproducing  facultatively  by  diploid 
parthenogenesis.  The  irregularities  consist  in  the  characteristic 
results  of  failure  of  pairing  in  hybrids — irregular  distribution  of  the 
chromosomes  at  either  the  first  or  the  second  division,  and  formation 
of  numerous  daughter-nuclei  (Artemisia  nitida,  Nephrodium  hirtipes). 
Diploid  parthenogenesis  is  out  of  the  question  in  the  cells  affected, 
just  as  it  would  be  following  normal  reduction,  which  is  occasionally 
to  be  observed  following  more  regular  pairing  in  certain  plants 
that  are  obligatorily  apomictic  {Artemisia  nitida  ;  Ochna  serrulata). 
Regular  reduction  with  complete  pairing  is  always  to  be  found  in 
those  that  are  facultatively  sexual  [e.g.,  Elatostema  sessile  and 
Allium  odonim,  Modilewski,  1931).  Plants  that  are  apogamous  or 
aposporous  and  not  parthenogenetic  {Hieracium  pilosella,  Citrus, 
probably  Rosa  canina)  are  nearly  always  facultatively  sexual  and 
therefore  have,  as  a  rule,  regular  meiosis.  The  Canince  roses,  for 
example,  have  a  meiosis  which  is  not  normal  but  which  is  regular 
in  effect  [v.  infra). 

The  great  range  of  behaviour  that  is  possible  in  certain  apomictic 

15—2 


452 


BREAKDOWN  OF  GENETIC  SYSTEMS 


NO 

N 

ON 
M 


2 

Xi 

o 

u 

•*■» 

C6 


oo 

*^ 

1 

o 

« 

o 

w 

CO 

-(-> 

»■■; 

•rs> 

o 

M 

s 

g 

< 

o 

03 

X! 

1 

O 

c 

•  «-l 

XI 

(/} 

S 

X 

W 

•  ^< 

a 

o 

a 

< 

Mh 

o 

CO 

'O 

o 

JC 

•*■» 

0) 

s 

-  o- 

Cl, 
O 


cl 
o 


"  O    -T-t 

r«  «j  i-( 


2  ^ 

(J 


11 
>  o 

CO  cr" 


03 

P. 


.2  ;:^ 

•«    O 

O    (U 
(J  -_- 


H 


o 

a, 

w 
o3- 

T3  ii 


O 


si 

c    Q. 

-2  c- 

o  ^ 

-  s 
.2  ^ 

c 


O 


".2  2" 

rt    Oh 


03 

O    O         _  • 

o3  "C 


73 

■  S  CO 

o 


C«     TO 


Ph- 


O    o3 
o3  1^ 


o  2 

-Q   en  - 


o 


.  o   «   1^ 


Ph 
V    4-> 


03 


m 


O 


-2  « 

03  '^ 


o 

B 

W 


m 

fl 
<u 

o 

d 

OS 

'o 

P^ 

Q 


M-l    O 

.^   o 

t— I 
o3    3 

If) 


Q 


T3 

^  2 
^  p^ 

.  CO    E-  - 

C3   P 
•  ti    cfl 

-^  2 

rt  g. 

S2 


o  ,^ 


fe 


o3 
-Ph- 


> 

12 

to 


-d 

o 
o 

en 


tn   C  en 

O   S  O 

S  c  S 

+J    Ph  2  2 

(U  en   3  ^ 


o3 


.2 

''5 


Xi 

-Ph- 


O  t3 


O 

X> 

6 
W 

m 
O 

o 
p4 

CO 

O 

p4 

< 


-d 

c 
o 
o 

0) 
03 


^   P  ^ 

03  -T*   en- 


ID 


MALE  CELLS  453 

plants  and  its  relation  to  the  course  of  meiosis  is  shown  by  Artemisia 
nitida  (Table  68). 

(ii)  Meiosis  in  Non-Functional  Cells.  The  mother-cells  of  male 
spores  and  male  gametes  of  apomictic  plants  and  animals  (where 
they  are  formed)  show  various  kinds  of  behaviour  which  cannot  be 
predicted  merely  from  a  knowledge  of  the  behaviour  in  the  functional 
cells  on  the  female  side.  They  have  been  studied  more  thoroughly 
than  the  functional  cells  and  provide  valuable  evidence  of  the 
origin  of  apomixis. 

In  sexually  reproducing  organisms  where  a  failure  of  pairing 
depends  merely  on  mechanical  chromosome  relationships  {i.e., 
structural  differences,  numerical  inequality  among  the  pairing 
chromosomes,  or  their  excessive  number  as  in  autopolyploids)  we 
find  a  correlation  between  the  conduct  of  meiosis  in  the  male  and 
female  cells.  The  evidence  of  this  correlation  consists  in  the 
similar  fertility  of  structural  hybrids  on  male  and  female  sides, 
and  of  the  similar  character  of  their  offspring  from  male  and  female 
cells.  The  same  correlation  applies  to  many  of  the  genotypically 
controlled  abnormalities  of  meiosis,  but  it  does  not  apply  to  all  of 
them.  There  are  many  cases  of  such  an  abnormality  specifically 
affecting  either  the  male  or  the  female  cells  of  hermaphrodites. 
If  we  wish  to  know  how  far  the  conduct  of  parthenogenetic  meiosis 
depends  upon  mechanical  properties  of  chromosomes  and  how  far 
on  a  genotypic  property  we  must  find  out  how  far  this  correlation 
applies. 

All  facultatively  apomictic  plants  have  normal  or  fairly  normal 
meiosis  in  the  pollen  mother-cells,  e.g.,  Alchemilla  speciosa  (Murbeck, 
1902),  Thalictrum  purpurascens  (Overton,  1904),  Hieracium 
aurantiacum  (Rosenberg,  1917),  Elatostema  acuminatum  (Strasburger, 
1910).  In  this  species  the  pollen  degenerates  afterwards,  as  in  so 
many  male-sterile  plants.  Otherwise  they  are  able  to  produce 
gametes  with  a  normally  reduced  chromosome  number. 

In  some  organisms  which  are  obligatorily  parthenogenetic  the 
male  cells  function  in  stimulating  parthenogenesis  ;  their  meiosis  is 
then  fairly  regular.  In  Zephyranthes  texana  it  is  entirely  so,  and 
the  pollen  actually  functions  in  fertilising  the  endosperm  nucleus. 
Moderate  or  even  high  pollen  fertility  is  sometimes  found  in  the 
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pseudogamous  Potentilla  species.  In  spermatocytes  produced  in  the 
ovary  of  a  parthenogenetic  Rhahditis  (Belar,  1923)  meiosis  is  also 
not  completely  irregular  ;  some  pairing  of  chromosomes  is  found  at 


MI    R-N   MU    TjX 

^Embryo  ^^       Em  btyo 

Sac 


Fig.  131. — Development  of  the  embryo-sac  in  Ixeris  dentata  by 
parthenogenesis  :  prophase — metaphase  (21  univalents) — 
restitution-nucleus — second  metaphase  and  telophase.  Finally, 
the  embryo  in  the  two-cell  stage  (after  Okabe,  1932). 

the  first  metaphase,  and  the  sperm  formed  actually  functions  in 
stimulating  the  a^g  to  development. 

Amongst  plants  with  obHgatory  apomixis  the  pollen  mother-cell 
behaviour  is  often  closely  parallel  with  that  in  the  embryo-sac 
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mother-cell,  except  that  the  purely  mitotic  Antennaria  and 
Euhieracium  type  of  development  is  missing.  Two  groups 
must  be  distinguished  :  (i)  Species  with  apospory  or  nucellar 
embryony  as  well  as  parthenogenesis,  (ii)  Species  that  are  solely 
parthenogenetic. 

The  first  are  naturally  less  dependent  on  the  regular  formation  of 
diploid  gametes  (for  the  embryo-sac)  and  it  is  found  that  while 
meiosis  is  often  suppressed  owing  to  the  reconstitution  of  a  single 
nucleus  at  the  first  telophase  (following  the  lagging  of  a  variable 
number  of  unpaired  chromosomes)  yet  often  the  results  are  entirely 
irregular  or  a  tetrad  is  formed  of  nuclei  with  different  numbers  of 
chromosomes.  This  is  the  case  in  Erigeron  annims,  Artemisia 
nitida  and  Ochna  serrulata.  In  the  last  species  pairing  follows 
precisely  the  frequencies  observed  in  the  similarly  autopolyploid 
Tidipa  Clusiana,  which  is  also  a  pentaploid  and  sexually  fertile 
(Figs.  74,  75). 

In  purely  parthenogenetic  species  (e.g.,  Eu-hieracium)  meiosis  is 
rather  more  regularly  suppressed.  But  several  gradations  have 
been  described  by  Rosenberg  in  this  apparent  transition  towards 
the  regular  formation  of  diploid  gametes  (if  we  may  infer  a 
progressive  change) .  In  all  these  the  early  prophase  appears  normal, 
and  doubtless  some  association  of  chromosomes  occurs  at  pachytene. 
The  first  stage  of  "degeneration"  corresponds  with  that  found  in 
such  hybrids  as  Raphamts-Brassica.  Few  (in  Hier actum  horeale  and 
Chondrilla  juncea,  with  embryo-sac  of  type  i)  or  no  chromosomes 
(in  Hieracium  IcEvigatum,  with  embryo-sac  of  type  2)  are  paired  and 
very  often,  probably  as  a  result  of  the  uneven  distribution  and 
lagging  of  the  unpaired  chromosomes  on  the  spindle,  a  single  resting 
interphase  nucleus  is  reconstituted  before  the  two  groups  are 
clearly  separated.  This  "  restitution  nucleus "  divides  to  give 
daughter-nuclei,  each  of  which  has  the  unreduced  number  of 
chromosomes.  Various  abnormalities  occur,  such  as  the  formation 
of  one  or  more,  usually  small,  supernumerary  nuclei. 

The  second  stage  of  degeneration  is  found  in  H.  pseiidoillyricum 
and  a  few  other  species  (with  embryo-sac  of  type  3).  The  nucleus 
contracts  after  reaching  a  stage  immediately  before  diakinesis,  and 
on  resuming  its  prophase  condition  develops  directly  into  a  somatic 
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mitosis  and  gives  a  dyad.  This  type  of  division  is  often  found 
together  with  the  Icevigatum  type,  for  variations  always  occur  in  the 
same  individual,  as  they  do  in  all  other  irregular  chromosome 
behaviour  (Rosenberg,  1927).  All  such  variation  may  be  explained 
by  the  developmental  variations  having  a  certain  threshold  value 


Fig.  132. — Meiosis  in  pollen  mother-cells  of  H.  pseudoillyricum 
(^^x  —  27).  A-C,  early  prophase.  D,  contraction  replacing 
first  division.  E-G,  renewed  prophase  of  second  division. 
H-O,  second  division  which  gives  dyad  of  pollen-grains  with 
the  unreduced  chromosome  number.     (After  Rosenberg,  1927.) 

in  the  effect  on  the  general  course  of  meiosis  in  a  sexually  fertile 
organism  (they  can  be  detected  only  by  their  effect  on  chiasma 
frequency) ,  while  in  hybrids  and  organisms  with  genetically  abnormal 
meiosis  there  is  no  such  threshold  value. 

A  parallelism  between  pollen  and  embryo-sac  mother-cell 
behaviour  is  by  no  means  universal  however.  For  example, 
Antennaria,  Poa  serotina  and  Hieracium  umbellatum,  all  of  which 
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sometimes  have  a  mitotic  or  semi-mitotic  meiosis  on  the  female 
side,  have  a  high  degree  of  pairing  on  the  male  side.  In  the 
Hieracmm,  which  is  triploid,  five  trivalents  may  be  formed  ;  in  the 
Poa,  of  which  triploid  and  tetraploid  forms  occur,  trivalents  and 
quadrivalents  are  frequent  ;  in  the  Antennaria  species,  some  of 
which  are  hexaploid  or  dodecaploid,  nearly  all  the  chromosomes  are 


Fig.  133. — Spore-formation  in  the  sexual  four-spore  (A- J)  and  the 
non-sexual  two-spore  (K-R)  race  of  Camarophyllus  virgineus.  A, 
paired,  diplophase  nuclei.  B,  C,  their  fusion.  D,  zygotene. 
E,  metaphase  of  the  first  division.  F,  anaphase.  G,  interphase. 
H,  telophase  of  second  division.  J,  migration  of  the  four  nuclei 
into  their  pouches.  K,  single  nucleus.  L,  prophase.  M,  N,  single 
division.  O-P,  spore  nuclei  formed.  R,  their  migration.  (From 
Rosenberg,  1930,  after  Bauch,  1926.) 

associated  in  bivalents  or  multivalents.  Taraxacum  Nordstedtii 
similarly  forms  multivalents.  These  observations  not  only  reveal 
the  potential  dissociation  of  behaviour  on  male  and  female  sides. 
They  also  show  that  these  species  are  autopolyploids  and  therefore, 
even  where  they  have  an  even  number  of  chromosome  sets,  and 
the  pairing  chromosomes  are  ahke,  they  must  have  an  irregular 
meiosis  and  be  sexually  infertile.  In  other  words,  although  there 
is  no  evidence  of  their  hybridity  there  is  evidence  that  abnormality 
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in  their  meiosis  is  conditioned  by  autopolyploidy  which  prevents 
regular  reduction  as  effectively  as  does  structural  hybridity. 

(iii)  Meiosis  in  Parthenogenetic  Haploids.  The  occurrence  of 
meiosis  in  a  mother-cell  is  affected  in  an  entirely  different  way  by 
haploidy  according  as  the  fertilisation  which  has  failed  is  normally 
premeiotic  or  post-meiotic.  The  first  type  has  been  found  in  algae 
and  fungi,  the  second  in  the  angiosperms  (Ch.  X),  and  in  animals 
with  haplo-diploid  sex  differentiation. 

In  Vaucheria  hamaia  (v.  Wettstein,  1920)  it  is  possible  to  stimulate 
both  male  and  female  gametes  to  development  without  fertilisation 
or  the  meiosis  which  would  normally  follow  it.  Parthenogenesis 
can  be  similarly  induced  (by  treatment  with  dilute  solutions)  in 
Sptrogyra,  Ulothrix,  and  Saprolegnia  mixta  (Mackel,  1928). 

In  the  sexual  basidiomycetes  the  conjugating  nuclei  fuse  in  the 
basidial  cell  and  immediately  undergo  meiosis.  The  four  daughter- 
nuclei  then  pass  into  the  four  terminal  sacs,  where  they  develop  into 
spores.  But  in  some  species  only  two  sacs  are  produced,  and  in 
these  it  is  believed  that  two  nuclei  pass  into  each  (Sass,  1929).  In 
parthenogenetic  species  the  single  nucleus  of  the  basidial  cell  divides 
once  where  two  sacs  are  developed  (Camarophyllus  virgineus,  Bauch, 
1926,  V.  Fig.  133),  and  twice  where  four  sacs  are  developed 
(Schizophyllum  commune,  Kniep,  1928,  p.  422).  These  observations 
are  paralleled  in  the  Uredinese  (cf.  Rosenberg,  1930). 

Thus,  in  forms  where  fertilisation  immediately  precedes  meiosis, 
the  omission  of  fertilisation  means,  sometimes,  the  suppression  of 
meiosis,  e.g.,  in  the  parthenogenetic  race  of  Camarophyllus  virgineus, 
Bauch  (1926)  found  early  prophase  stages  reminiscent  of  meiosis, 
although  the  later  course  of  the  single  division  in  the  basidium  was 
purely  mitotic  (n  —  4).  Elsewhere  there  appears  to  be  a  complete 
absence  of  any  meiotic  process,  and  the  nucleus  instead  divides 
mitotically  twice,  once  or  not  at  all  as  purely  vegetative  conditions 
dictate  {Vaucheria,  v.  Wettstein,  1920).  Habitual  parthenogenesis 
can  therefore  be  induced  (artificially  or  by  mutation)  at  one  step  in 
such  an  organism  as  Chara  crinita,  while  in  diploid  organisms  the 
assumption  of  parthenogenetic  habit  must  necessarily  be  more 
complicated,  since  it  means  a  change  in  a  specialised  meiotic 
mechanism. 
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In  haploids  derived  from  organisms  with  a  prolonged  diploid 
generation  two  types  of  meiosis  are  found  according  as  the  haploidy 
is  habitual  (in  certain  male  Hymenoptera  and  in  coccids)  or 
adventitious  (in  angiosperms  arising  by  parthenogenesis  from 
diploid  parents).  In  both  the  chromosomes  are  contracted  as  in 
ordinary  meiosis,  but,  of  course,  unpaired.  In  the  drone  bee 
(Apis,  Meves,  1907)  a  spindle  is  formed  and  the  chromosomes  lie  on 
a  metaphase  plate  but  do  not  divide  ;  at  one  pole  an  enucleate  bud 
is  cut  off,  a  second  division  spindle  is  formed  and  the  chromosomes 
divide  this  time  to  give  two  daughter-nuclei,  one  of  which  is  extruded 
as  a  polar  body  while  the  other  gives  a  haploid  (unreduced) 
spermatozoon. 

In  the  haploid  male  coccids  {I  eery  a,  etc.,  n  =  2  ;  Hughes- 
Schrader,  1930)  only  one  division  occurs,  and  it  is  not  clear  whether 
this  corresponds  to  the  first  or  the  second.  In  the  haploid  male 
rotifers  {Asplanchna,  n  =  13  ;  Whitney,  1929)  it  is  the  second 
division  that  is  usually  omitted  ;  where  an  abortive  second  division 
occurs  spermatozoa  are  formed  with  less  than  the  haploid  number, 
and  these  do  not  function.     The  mechanism  is  apparently  imperfect. 

This  suppression  of  meiosis  seems  to  be  a  sexual  characteristic 
not  directly  determined  by  the  haploid  condition.  Diploids 
sometimes  show  the  male  character  in  the  hymenopteran 
Habrobraeon,  and  these  produce  diploid  sperm  (Torvik,  1931  ; 
Torvik-Greb,  1935).  They  have  the  abortive  meiosis  characteristic 
of  males.  This  shows  that  the  mechanism  of  meiosis  is  here 
genetically  adapted  to  give  regular  failure  of  reduction.  The 
condition  of  the  adventitious  haploids  in  the  angiosperms,  on  the  other 
hand,  is  different.  The  ordinary  meiotic  mechanism  has  to  deal 
with  impaired  chromosomes,  and  the  result  is  irregular  [v.  Ch.  X). 

Such  observations  also  show  that  where  meiosis  takes  place  at  the 
end  of  the  diploid  generation  there  is  a  mechanism  of  division 
external  to  the  chromosomes  and  distinct  from  that  of  ordinary 
mitotic  division  {ef.  Ch.  XII).  In  the  adventitious  haploid 
angiosperms  we  see  it  acting  on  unpaired  chromosomes,  for  whose 
division  it  is  unadapted.  In  the  haploid  Hymenoptera  we  see  it 
specially  adapted  to  deal  with  the  situation  so  as  to  produce  regular 
results. 
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In  the  organisms  in  which  meiosis  immediately  follows 
fertilisation,  on  the  other  hand,  there  is  no  evidence  of  any  such 
mechanism.  Since  every  cell  which  is  diploid  in  these  undergoes 
meiosis  it  seems  possible  to  consider  that  meiosis,  which  in  the 
higher  organisms  must  be  regarded  as  induced  in  specialised  cells 
by  their  relationship  with  the  rest  of  the  organism,  is  in  these  simple 
forms  determined  directly  by  the  condition  of  diploidy  (cf.  D., 
1932,  p.  458).  In  this  connection  the  parthenogenetic  Chara  crinita, 
Ernst,  1918)  is  of  interest.  It  is  diploid,  unlike  its  sexual  relations  ; 
but  since,  as  Ernst  supposes,  it  is  probably  a  hybrid,  the  normal 
diploid  condition,  the  presence  of  pairs  of  identical  chromosomes,  is 
lacking.  Parthenogenesis  wiU  therefore  follow  the  failure  of  meiosis 
in  such  an  individual  as  a  matter  of  course,  if  it  happens  to  be 
female  like  the  regenerated  diploid  gametophytes  of  Sphcerocarpiis 
(Lorbeer,  1927).  Hybridity  is  then  seen  as  a  simple  and  immediate 
condition  of  parthenogenesis. 

(iv)  Meiosis  in  Rosa  canina.  The  type  of  sexual  reproduction 
found  in  Rosa  canina  and  its  relatives  approaches  closely  to  apomixis 
and  can  best  be  considered  in  relation  to  it.  All  species  of  Rosa 
have  multiples  of  7  chromosomes.  Aneuploid  forms  reported  by 
Tackholm  (1922)  and  Erlanson  (1929)  are  exceptional  and  probably 
sterile.  Most  diploid  and  even-multiple  polyploid  species  have 
fairly  regular  pairing,  although  they  are  none  the  less  to  be  regarded 
as  hybrids  (Blackburn  and  Harrison,  1921  ;  Tackhohn,  1922  ; 
Erlanson,  1929),  and  some  have  been  shown  to  be  interchange 
heterozygotes  (Erlanson,  1931  c).  They  are  sexually  reproducing, 
with  occasional  apomixis  in  some  species.  All  species  of  the 
section  Canince  (European  and  Asiatic)  are  facultatively  apomictic. 
For  example,  in  38  seedlings  of  R.  coriifolia  solanifolia  x  glauca 
concolor,  37  were  maternal  in  character,  one  was  a  hybrid  (Tack- 
holm, 1922).  Gustafsson  (1931)  has  shown  that  this  apomixis  is 
not  spontaneous,  but  requires  the  stimulus  of  pollination,  especially 
of  cross-pollination,  for  self-fertilisation  probably  leads  to  successful 
sexual  reproduction  {v.  infra). 

All  the  CanincB  roses  have,  according  to  Tackholm  and  Hurst 
(1931),  seven  pairs  of  chromosomes  and  21  univalents  (or,  in  a  few 
species,  14  or  28).     The  pairs  are  distinguished  by  the  regularity  of 
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their  occurrence  and  of  their  form.  Erlanson  (1931)  has  shown 
that  metaphase  pairing  is  of  the  partially  terminalised  type  in  Rosa. 
Uniformity,  we  now  know,  means  that  while  in  other  groups  of  Rosa 
the  chromosomes  may  be  united  by  chiasmata  at  one  or  both  ends, 
in  the  CanincB  they  are  always  united  at  both  ends,  and  this  is  an 
indication  of  regularly  high  chiasma  frequency  and  homozygosity  as 
to  the  pairs  (Erlanson,  1933).  Pairing  behaviour  is  identical  in 
embryo-sac  and  pollen  mother-cells  (Fig.  134),  but  the  mechanism  of 
distribution  is  entirely  different.  In  the  pollen  mother-cells  the 
bivalents  and  univalents  lie  in  one  equatorial  plate.  The  bivalents 
divide  first  and  then,  as  is  usually  the  case,  the  univalents  lying 
between  the  separating  groups  of  daughter  bivalents  divide  and 
follow  them  to  the  poles  with  very  little  irregularity.  At  the 
second  division  the  same  process  is  repeated  ;  the  daughter  bivalents 
divide  again  and  the  daughter  univalents  also  proceed  to  divide  a 
second  time  (like  the  unpaired  chromosomes  in  Pygcera  hybrids). 
The  delay,  however,  is  greater  than  at  the  first  division.  Most  of 
the  univalents  fail  to  reach  the  poles  and  many  are  left  on  the 
plate.  In  consequence  many  nuclei  of  irregular  size  are  formed  and 
the  4  nuclei  which  have  received  the  7  chromosomes  derived  from 
the  bivalents  have  in  addition  a  varying  number  of  chromosomes 
derived  from  the  univalents.  Examination  of  the  first  mitosis  in 
the  pollen  grains  of  R.  tomentella  oUusifolia  and  R.  seraphini 
(2n  ^=  $x  —  35)  showed  the  following  chromosome  numbers  [cf. 
Table  47)  : — 

7  8  9  10  II  12  13  14  15  16  17  18  19  20  21  22 
923137411—      I—      II—      I—      I 

These  do  not  necessarily  correspond  with  the  numbers  originally 
received,  but  they  indicate  the  irregularity  of  the  process  and 
the  relatively  high  proportion  that  receive  the  simple  haploid 
complement. 

Several  embryo-sac  mother-cells  are  found  in  each  ovule  of  these 
roses,  and  they  are  therefore  exceptionally  favourable  for  study. 
At  metaphase  the  unpaired  chromosomes,  instead  of  lying  in  the 
same  plate  as  the  bivalents,  are  all,  or  almost  all,  grouped  at  the 
micropylar  pole  of  the  spindle,  where  they  are  joined  at  the  first 
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telophase  by  the  seven  daughter  bivalents  going  to  this  pole.  In 
the  pentaploid  forms  there  are  therefore  usually  28  chromosomes 
at  the  micropylar  end  and  7  at  the  chalazal  end.  The  second 
division  is  regular  and  yields  two  small  nuclei  and  two  large  ones  ; 
one  of  the  latter  gives  the  functional  embryo-sac,  as  is  shown  by  the 
chromosome  numbers  of  hybrid  seedlings. 

Self-fertilisation  of  these  plants  will  therefore  yield  offspring  like 
the  parent  having  7  pairs  of  chromosomes  of  identical  origin  and 
21  chromosomes  that  are  not  directly  related  to  them  or  to  one 
another.  A  complement  of  a  race  of  such  a  kind  consists  of  7  pairs 
of  chromosomes  that  are  transmitted  by  sexual  reproduction  (and 
no  doubt  inbred  and  homozygous)  together  with  21  chromosomes 
that  are  transmitted  virtually  by  vegetative  processes,  for  they  are 
neither  separated  by  meiosis  nor  brought  together  by  fertilisation. 
Reproduction,  in  fact,  may  be  described  as  semi-clonal.  In  regard 
to  its  genetic  effect  this  mechanism  is  analogous  with  poly- 
ploidy and  with  the  ring  formation  of  complex  heterozygotes, 
inasmuch  as  it  enables  a  hybrid  to  breed  true.  The  mechanism  is 
responsible  for  the  relative  constancy  of  the  innumerable  species  of 
Caninae.  It  is  also  responsible  for  the  ability  of  widely  distinct 
forms  to  hybridise.  The  seven  chromosomes  of  the  pairs  are 
probably  highly  constant  throughout  the  group.  Their  pairing 
alone  is  necessary  for  fertility.  The  unpaired  chromosomes  are, 
on  the  other  hand,  the  organs  of  variation.  In  this  specialisation  of 
function  the  two  groups  of  chromosomes  are  analogous  to  the 
differential  and  the  pairing  segments  of  the  chromosomes  of  the 
heterozygous  CEnothera  species. 

The  origin  of  the  system  does  not  present  much  difficulty. 
Repeated  crosses  amongst  diploid  species  or  a  cross  between  two 
hexaploid  species  would  give  the  condition  with  seven  pairs  of 
chromosomes  and  twenty-eight  univalents,  as  in  Triticum-Mgilops 
crosses.  It  is  not  now  necessary  to  suppose,  as  Tackholm  did,  a 
cross  between  a  diploid  and  an  imaginary  decaploid  as  the  source  of 
such  a  form.  The  hybrid  would  give  at  once  a  proportion  of  pollen 
grains  with  only  the  seven  chromosomes  derived  from  the  pairs. 
The  essential  new  property  of  these  forms  is  therefore  the 
polarisation  of  the  embryo-sac  mother-cell  whereby  it  regularly 
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gives  embryo-sacs  containing  the  full  set  of  unpaired  chromosomes. 
This  property  and  the  perfection  of  the  mechanism  of  division 
in  the  pollen  mother-cells  must  have  been  achieved  by  adaptation 
in  the  course  of  sexual  reproduction.  Tackholm's  objection  to 
this  is  also  no  longer  valid.  He  considered  that  it  would  lead 
to  frequent  aneuploid  forms  in  nature,  but  we  now  know  that 
such  forms  would  be  largely  eliminated  {cf.  Ch.  VIII).  The 
variation  necessary  for  such  adaptation  will  arise  from  the 
occasional  pairing  and  crossing  over  of  the  chromosomes  found  by 
Erlanson  (1933)  in  non-pairing  chromosome  sets.  The  present 
account,  therefore,  seems  to  provide  a  sufficient  explanation  of  the 
origin  and  behaviour  of  the  system. 


5.   THE   ORIGIN   OF   APOMIXIS   IN   EXPERIMENT 

The  foregoing  account  has  shown  the  characteristics  of  nuclear 
behaviour  in  apomixis.  Apart  from  these  immediate  conditions 
certain  events  external  to  the  nucleus  can  be  related  to  the 
occurrence  of  apomixis  as  prior  conditions.  First  we  may  note 
that  the  variations  in  conditions  which  are  responsible  for  the 
change  from  sexual  to  non-sexual  reproduction  may  be  imposed 
artificially  on  organisms  with  facultative  parthenogenesis  {cf. 
Nabours,  191 9  on  Paratettix  and  Apotettix). 

(i)  Pseudogamy.  In  some  species  of  plants  and  animals  the  male 
gamete  functions  in  exciting  the  development  of  the  unfertilised 
and  unreduced  ^gg  in  diploid  parthenogenesis  or  of  nucellar  embryos 
in  apospory.  This  is  known  as  pseudogamy.  We  have  already 
seen  how  non-recurrent  parthenogenesis  is  stimulated  in  plants  in 
this  way. 

In  a  nematode,  Rhahditis  "XX,"  Belar  (1923)  found  that  the 
sperm,  although  irregularly  formed  (in  part  of  the  ovarian  tissue), 
entered  the  egg  and  stimulated  its  development,  probably  by  the 
contribution  of  its  centrosome — the  middle-piece  of  the  sperm — 
although  no  fusion  of  the  nuclei  occurred. 

An  analogous  process  is  found  in  various  monocotyledons,  e.g., 
Zephyranthes  texana  and  Allium  odorum  (Modilewski,  1930).  Here 
the  pollen  is  normally  developed  and  one  generative  nucleus  fuses 


MIXED  REPRODUCTION  465 

with  the  central  nucleus  to  give  the  endosperm ;  the  other  degenerates, 
but  the  first  fusion  stimulates  the  development  of  the  unreduced 
egg-cell.  Pollination  is  also  necessary  to  stimulate  apogamy  and 
apospory  in  Allium  odorum  (Haberlandt,  1923)  and  Zygopetalum 
(Suessenguth,  1923). 

In  Potentilla  (Miintzing,  1928)  several  species  which  fail  to  set 
seed  without  pollination  produce  entirely  maternal  offspring  when 
cross-pollinated,  as  well  as  when  self -pollinated.  Some  of  these 
species  have  good  pollen,  others  bad.  In  Riihus  (Lidforss,  1914  ; 
Gustafsson,  1930)  the  position  is  more  complicated.  In  many 
European  species  of  blackberries  (section  Eu-hatus)  crosses  with 
closely  related  forms  yield  a  high  proportion  of  hybrids,  crosses 
with  more  distant  species  yield  entirely  maternal  offspring — "  false 
hybrids."  These  are  identical  with  the  female  parent,  yet  when 
such  plants  are  selfed  they  yield  the  heterogeneous  progeny 
characteristic  of  a  sexually  reproducing  hybrid.  Evidently  the 
proportion  of  sexual  embryos  diminishes  with  increasing  remoteness 
of  the  male  parent.  Such  a  situation  indicates  competition  between 
the  sexual  embryos  and  their  substitutes,  the  asexual,  probably 
aposporous,  ones.  The  same  conditions  probably  apply  to  the 
Caninae  roses,  although  the  evidence  here  is  still  scanty  (Hurst, 
1931),  and  to  Ohmachi's  orthopteran  hybrids  (1929  h). 

Thus  pseudogamy  may  stimulate  either  apospory  (in  Allium, 
probably  in  Rosa  and  Potentilla)  or  diploid  parthenogenesis 
(Rhabditis,  Zephyranthes). 

In  all  these  cases  we  may  perhaps  not  inappropriately  look  upon 
pseudogamy  as  a  physiological  response  that  has  been  genetically 
conditioned.  Originally  development  of  the  egg-cell  was  no  doubt 
stimulated  solely  and  directly  by  fertilisation.  But  fertilisation 
has  been  accompanied  throughout  a  long  period  of  evolution, 
that  is  of  adaptive  change,  by  certain  invariable  antecedents,  such 
as  the  penetration  of  the  Qg^  by  the  sperm  in  animals  and  pollination 
in  plants.  Many  organisms  have  therefore  acquired  by  adaptation 
an  equally  satisfactory  response  by  which  the  antecedents 
determine  development  as  effectually  as  the  act  of  fertilisation 
itself. 

(ii)  Injury.    By  electrical,  chemical  and  mechanical  stimuli  the 
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unfertilised  egg  has  been  induced  to  develop  in  many  Echinoderma 
and  Algae,  in  the  frog  and  elsewhere.  Where  the  stimulus  is  applied 
after  the  two  polar  bodies  have  been  extruded  from  the  animal  egg 
a  haploid  embryo  develops.  In  the  frog,  where  this  has  happened, 
somatic  doubling  has  followed  later  as  in  the  somatic  origin  of 
polyploid  plants  and  in  some  kinds  of  diploid  parthenogenesis.  The 
general  failure  of  a  diploid  organism  produced  in  this  way  to  reach 
maturity  is  probably  due  to  the  presence  in  most  outbred  organisms 
of  factors  lethal  in  the  homozygous  condition.  The  same  result  is 
obtained  when  a  sperm  fertilises  an  enucleated  egg  ("  male 
parthenogenesis  ").  Where  reduction  has  not  taken  place  the 
stimulus  may  lead  to  the  suppression  of  one  of  the  meiotic  divisions 
or  to  the  fusion  of  the  products  of  the  second  meiotic  division  (as  in 
the  production  of  diploid  spores  of  Funaria  by  v.  Wettstein,  1924). 
An  embryo  may  then  develop  without  fertilisation.  Such  individuals 
do  not  usually  get  beyond  an  early  stage  of  development. 

It  is  possible  to  induce  the  direct  development  of  an  unfertilised 
gamete  in  many  Algae  where  meiosis  should  immediately  follow 
fertilisation,  in  various  ways.  Thus  when  the  antheridia  or  oogonia 
of  Vaucheria  hamata  (v.  Wettstein,  1920)  were  pricked  they  developed 
directly  into  new  thalli  :  both  fertilisation  and  meiosis  were  omitted. 
Apospory  was  induced  by  layering  the  fronds  in  Nephrodium  (Digby, 
1905).     This  automatically  led  to  apogamy. 

The  development  of  adventitious  embryos  from  the  nucellus  or 
integument  has  been  induced  by  wounding  in  (Enothera  Lamarckiana 
by  Haberlandt  (1921  a).  He  also  found  that  degeneration  of  the 
nucellar  tissue  and  synergids  was  associated  with  parthenogenesis 
in  Taraxacum  and  Hieracium,  while  in  sexual  species  of  Hieracium 
no  such  degeneration  occurred  (1921  h).  These  observations  make 
it  plausible  that  degeneration  of  neighbouring  tissue  may  stimulate 
apospory  and  parthenogenesis,  and  thus  be  a  prior,  and  genetically 
determined,  condition  of  these  phenomena. 

(iii)  Mutation.  Paula  Hertwig  (1920)  found  a  sexual  strain  of 
Rhahditis  pellis  which  gave  rise  to  a  purely  parthenogenetic  strain 
breeding  true  to  the  new  character.  It  had  the  same  chromosome 
number  as  the  parent  race,  but  its  egg-cells  underwent  a  single 
division    at    meiosis    and    gave    unreduced    eggs.     The    entrance 
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of  the  sperm  was  necessary  to  stimulate  development  without 
fertilisation,  as  in  the  related  parthenogenetic  species.  In  this  case 
parthenogenesis  must  be  regarded  as  a  genetic  character  arising  by 
mutation. 

(iv)  Hybridisation.  Ostenfeld  (1910),  by  crossing  facultatively 
sexual  species  of  the  Pilosella  section  of  Hieracium,  with  purely 
sexual  species,  e.g.,  H.  mirantiactim  x  H.  auricula,  produced  a 
heterogeneous  progeny  of  three  types :  (i)  sterile  ;  (ii)  purely 
asexual,  probably  aposporous  ;  and  (iii)  asexual  when  self -pollinated, 
sexual  when  crossed  with  good  pollen.  When  we  consider  this  in 
relation  to  Lidforss's  observations  on  Rubus  we  see  that  with 
plants  having  the  genetic  faculty  of  producing  aposporous  offspring, 
the  greater  their  hybridity  the  less  the  chance  of  their  successfully 
producing  sexual  offspring — owing  to  the  sterility  inherited  as  a 
concomitant  of  high  segregation — and  therefore  the  greater  the 
proportion  of  asexual  seedlings  produced  on  self-fertilisation.  The 
extreme  type,  being  sexually  sterile,  will  be  obligatorily  apomictic. 
But  in  the  same  group  we  find  plants  not  having  the  faculty  of 
apomixis  and  sexually  sterile  as  well.  Thus  the  apomixis  is  con- 
ditioned both  by  the  sterility  of  the  hybrid  and  by  its  particular 
genotype,  which  is  not  inherent  in  its  hybridit}^ 

Harrison  (1920)  crossed  two  sexual  species,  Tephrosia  creptiscularia 
and  T.  bistortata  (Lepidoptera)  and  obtained  four  parthenogenetic 
females  amongst  normally  sexual  progeny.  When  this  happened 
on  a  second  occasion  the  offspring  of  the  parthenogenetic  female 
showed  segregation  of  recessive  characters  (Peacock,  1925).  This 
should  happen  with  the  kind  of  parthenogenesis  found  by  Seller  in 
the  Lepidoptera.  Seller  (1927)  crossed  parthenogenetic  and  sexual 
races  of  Solenobia  triquetrella,  and  the  progeny  showed  variation  in 
behaviour  between  the  normal  and  that  obtaining  in  the 
parthenogenetic  race,  where  pairs  of  nuclei  fused  after  the  second 
segmentation  division  in  the  embryo.  There  were  various  other 
irregularities,  with  the  result  that  different  individuals  and  parts  of 
individuals  had  different  numbers  of  chromosomes. 

(v)  The  evidence  of  Chromosome  Numbers.  It  was  early  noticed 
that  apomictic  species  of  flowering  plants  had,  as  a  rule,  higher 
chromosome  numbers  than  their  sexual  relatives.     The  following 
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lists,  giving  the  somatic  chromosome  numbers,  show  that  this  is 
still  true  of  parthenogenetic  as  well  as  of  aposporous  species  : — 


Table  69 
Chromosomes  Numbers  of  Apomictic  Species 


Diploid  Species 


Chondrilla  juncea,  etc.  (15) 
Zephyranthes  texana  (24)  . 
Allium  odorum  (16) 
Potentilla  argentea  forma  (14) 


Rosenberg,  191 2. 
Pace,  1913. 
Haberlandt,  1923. 
Miintzing,  1928, 


Triploid  Species 


Hieracium  horeale  forms  (27) 
H.  pseudoillyricum  (27)     . 
H.  Icsvigatum  (27)     . 
Chondrilla  juncea,  etc.  (15) 
Erigeron  annuus  (27) 
Eupatorium  glandulosum  (51) 
Artemisia  nitida  (37) 

Taraxacum  officinale,  etc.  (24) 
Nothoscordon  fragrans  (24) 
Ixeris  dentata  (21)    . 


Rosenberg,  191 7,  1927. 

Poddubnaja-Arnoldi,  1933. 

Holmgren,  191 9. 

Chiarugi,     1926    (c/.    Weinedel- 

Liebau,  1928). 
Gustafsson,  1932,  1934. 
Messeri,  1931. 
Okabe,  1932. 


Thalictrum  purpurascens  (48) 
Elatostema  sessile  (32) 
Hieracium  boreale  forms  (36) 
H.  Pilosella  (36) 
Taraxacum  croceum,  etc.  (32) 
Poa  serotina  (28)  [and  21] 


Tetraploid  Species 

Overton,  1909. 
Strasburger,  19 10. 

Rosenberg,  1917,  1927. 

Gustafsson,  1932,  1934. 
Kiellander,  1935. 


Rosa  canina,  etc.  (35) 
Potentilla  argentea  forma  (35) 
P.  TaherncBmontana  (35)  . 
Ochna  serrulata  (35) 
Taraxacum  spp.  (45) 


Pentaploid  Species 

Tackholm,  1922. 

'  I  Miintzing,  1928. 

Chiarugi  and  Francini,  1930. 
Osawa,  1913  ;  Gustafsson,  1932, 


Hexaploid  Species 


Potentilla  collina  {ca.  42)  . 

Allium  roseum  var.  hulbilliferum  (48) 

Antennaria  spp.  (84) 

Taraxacum  Nordstedtii  (48) 


Miintzing,  1928. 
Messeri,  1931- 
Stebbins,     1932    b 

1935  «• 
Gustafsson,  1934. 


Bergman, 


Unstable  and  Unbalanced     Polyploid  Species 


Poa  alpina  {x  =  7,  2n  =  22  —  38)     . 
Poa  pratensis  [x  =  7,  2n  =  49  —  85) 


Miintzing,  1932. 
Miintzing,  1932, 


APOMICTIC  POLYPLOIDS 
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The  chromosome  numbers  show  that  polyploidy  and  particularly 
odd  numbered  polyploidy  favours  apomixis.     Two  reasons  suggest 

Table  70 

Cases  of  Polyploidy  within  the  Species  Associated  with  the  Occurrence 

of  Apomixis 


Sexual 
(haploid- 
diploid). 

Apomictic 
[somatic  number) 

Authority. 

Charophyta 

Chara  crinita 

12-24 

24 

Ernst,  19 1 8. 

Angiosperma 

Potentilla  argentea,  etc.     . 

— 

14.42.  56 

Miintzing,  193 1. 

Nigritella  nigra 

16-32 

64 

Afzelius,  1928. 
Chiarugi,  1929. 

Hieracium  umhellatum 

9-18 

27 

Rosenberg,  1927  ; 

Bergman,  i934« 

Crepis  acuminata,  etc. 

— 

33.  44.  55  ? 

Hollingshead  and 

Babcock,  1930. 

Festuca  ovina. 

7-14 

14,21,28.35 

Lewitsky  and  Kuzmina, 

21-42 

1927. 
Turesson,  1930,  i93i- 

Allium  odorum 

8-16 

16,  24,  32 

Haberlandt,  1923. 
Messeri,  1930. 
Modilewski,  1930. 

A.  foseum        .          .          . 

8-16 

48 

Messeri,  1931 

(viviparous) . 

Insecta 

Solenobia  ptneti 

30-60 

120 

Seiler,  1923. 

S.  triquetrella 

30-60 

120 

„      1923,  1927. 

Crustacea 

Trichoniscus  provisonus   . 

S-16 

24.336 

Vandel,  1927. 

Artemia  salina 

21-42 

42,  84,  168 

Artom,     1928  ;     Gross, 
1935  '>        Barrigozzi, 
1935. 

Daphnia  pulex 

4-8 

24 

Schrader,  1925. 

Note.—  No  other  animal  polyploids  are  known  except  in  the  hermaphrodite 
Helix  pomatia  («  =  12  and  24,  cf.  Wilson,  1928),  and  in  experimental  material 
of  Drosophila  and  Habrobracon.  Polyploidy  may  be  inferred  very  generally 
in  the  Annelida  and  Mollusca  from  a  comparison  of  chromosome  numbers  in 
different  species. 

themselves  for  this  :  (i)  Meiosis  is  less  regular  in  polyploids  than  in 
diploids,  for  the  reason  that  a  too  great  likeness  of  the  chromosomes 
is  here  as  serious  a  cause  of  irregularity  as  a  too  great  dissimilarity 
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(cf.  T>.,  1928).  (ii)  All  odd-numbered  polyploids  are  numerical 
hybrids  with  inherent  irregularity  of  meiosis.  Nearly  all  triploids 
that  have  been  examined,  for  example,  form  restitution  nuclei 
whether  they  are  the  product  of  hybridisation  of  two  species  or  of 
self-fertilising  a  diploid. 

High  chromosome  number  (polyploidy)  therefore  favours  the 
conditions  both  of  diploid  parthenogenesis  (by  suppression  of 
meiosis)  and  apospory  (by  irregularity  of  meiosis).  Taking  this  into 
consideration,  together  with  the  fact  that  half  the  species  of 
angiosperms  are  polyploids,  the  relative  frequency  is  intelligible. 

The  reason  for  the  association  of  a  doubling  of  chromosome 
number  with  parthenogenesis  in  Char  a  crinita  (Ernst,  191 8),  Artemia 
salina  (Artom,  1928  et  al.),  Solenohia  triquetrella  (Seller,  1927),  and 
Trichoniscus  provisorius  (Vandel,  1927)  is  fairly  clear.  Polyploidy 
has  prevented  fertilisation,  and  therefore  parthenogenesis  has  been 
a  condition  of  their  survival. 

6.    REPLACEMENT   OF   SEXUAL    REPRODUCTION 

(i)  The  Development  of  Apomixis.  Experiment  and  comparison 
show  that  a  failure  of  meiosis  and  the  inheritance  of  special  genetic 
properties  may  in  certain  instances  independently  determine  the 
occurrence  of  apomixis.  The  problem  of  apomixis  is  the  problem 
of  the  part  these  two  properties  play  in  its  origin. 

In  the  first  place,  it  is  clear  that  special  genetic  properties  are 
necessary,  permitting  the  development  of  unfertilised  eggs, 
pseudogamously  or  otherwise,  for  parthenogenesis,  and  permitting 
the  development  of  adventitious  embryos  in  the  absence  of  successful 
sexual  embryos,  for  apospory  and  nucellar  embryony.  These 
properties  are  probably  characteristic  of  certain  genera  such  as 
Hier actum  and  Aphis.  Secondly,  it  is  necessary  that  unreduced 
eggs  should  be  produced,  for  diploid  parthenogenesis,  and 
unsuccessfully  reduced  eggs,  for  apospory.  It  is  this  second 
property  that  needs  special  consideration. 

For  this  purpose  it  is  important  to  distinguish  between  the 
structural  conditions  of  the  breakdown  of  meiosis  and  a  genetic 
property  more  clearly  than  has  been  done  in  the  past. 

The  discussion  of  the  causation  of  apomixis  brings  into  the  fore- 
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ground  the  shortcomings  of  the  notions  of  hybridity  current  amongst 
geneticists.  There  is  no  use  in  considering  the  effect  of  hybridity 
alone  on  sexual  fertility  because  there  is  a  group  of  conditions 
having  the  same  effect  on  fertility  as  the  structural  hybridity 
characteristic  of  interspecific  crosses,  and  this  group  of  conditions 
must  be  considered  with  it.  They  are  the  numerical  hybridity  of 
triploids  and  pentaploids  and  the  autopolyploidy  which  leads  to 
multivalent  formation  and  consequent  irregular  segregation  even 
in  tetraploids.  The  type  of  organisms  in  which  the  relationships 
of  the  chromosomes  determine  infertility,  i.e.,  hybrids  and  auto- 
polyploids,  must  always  be  considered  as  a  group  in  contrast  with 
those  in  which  irregular  or  suppressed  meiosis  is  physiologically 
and  not  mechanically  controlled. 

In  a  hybrid  their  dissimilarities  prevent  the  chromosomes  coming 
together  at  pachytene,  although  we  are  not  usually  able  to  show 
this  cytologically  except  by  inference  from  the  later  behaviour. 
Now  this  property  depends  entirely  on  the  relationship  of  the  two 
chromosomes.  But  precisely  the  same  result  can  be  obtained,  not 
through  dissimilarity,  but  through  the  hereditary  properties  of  the 
individual.  In  Rhahditis  pairing  of  chromosomes  fails,  although 
they  are  known  to  be  identical,  and  this  has  been  shown  to  be 
genotypically  controlled,  i.e.,  a  property  of  the  germ-plasm  as  a 
whole,  and  not  of  the  relationships  of  its  parts. 

Viewed  in  this  light,  all  apomixis  can  be  seen  to  be  primarily 
conditioned  by  the  hereditary  properties  of  the  individual  which 
makes  development  possible  without  fertilisation.  Further,  it  can 
be  seen  that  the  development  of  this  hereditary  property  is  in  miany 
cases  independent  of  any  structurally  controlled  failure  of  meiosis. 
This  is  most  obvious  :  (i)  in  organisms  that  are  cyclically  or  faculta- 
tively parthenogenetic  (Aphides,  Rotifera,  Cladocera,  Apotettix 
and  Paratettix,  Allium,  etc.)  ;  (ii)  in  others  in  which  parthenogenesis 
is  a  means  of  sex  determination  (Hymenoptera,  Rotifera)  ;  (iii)  in 
many  pseudogamous  plants  with  good  pollen  [Zephyranthes, 
Potentilla)  ;  and  (iv)  in  animals  and  plants  in  which  the  pairing  of 
the  chromosomes  is  perfect  [Rhahditis,  Solenohia  triquetrella), 
especially  those  which  are  facultatively  sexual  and  true  breeding 
(Elatostema    sessile,     Thalictrum    piirpiirascens,    Allium    odorum) 
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Thus,  in  all  these  examples,  parthenogenesis  is  compatible  with 
complete  homozygosity. 

There  is  a  second  class  in  which  the  decisive  influence  of  the 
mechanical  chromosome  relationships  can  be  seen :  in  those 
aposporous  plants  which  are  facultatively  sexual  but  not  true 
breeding.  Apospory,  in  itself,  is  no  more  obscure  than  such  tera- 
tological  observations  as  those  of  Stow  (1930),  who  induced  the 
formation  of  a  structure  in  the  pollen  grain  of  Hyacinthus  resembling 
the  female  gametophyte.  That  such  abnormal  structures  should 
be  able  to  function  is  evidently  conditioned  by  sexual  failure. 
Lidforss's  experiments  show  that  the  lack  of  viabiUty  of  the  sexual 
embryo  stimulates  apospory.  In  such  forms  apospory  must  be 
conditioned  by  partial  sexual  sterihty  which  itself  is  sufficiently 
accounted  for  by  either  hybridity  or  autopolyploidy  or  cross- 
fertilisation. 

It  is  probably  of  no  account  whether  or  not  sexual  failure  is 
determined  by  interspecific  hybridity.  Irregularity  of  meiosis  is  as 
characteristic  of  non-hybrid  tetraploids  as  of  hybrid  diploids,  and 
tetraploidy  of  this  kind  is  probably  a  determining  factor  in  some 
species,  e.g.,  Nigritella  nigra,  which  exists  in  a  diploid  sexual  form 
(^n  =  ig)  and  a  tetraploid  apomictic  form,  with  nucellar  embryony 
(Afzelius,  1928  ;  Chiarugi,  1929).  In  triploids  the  conclusion  to  be 
drawn  is  unequivocal :  the  last  sexual  act  in  their  history  was  an 
act  of  hybridisation,  not  necessarily  between  different  species  but 
between  gametes  with  different  chromosome  numbers.  If,  in 
these,  hybridisation  determined  the  institution  of  apomixis,  in 
many  others  where  clear-cut  evidence  is  lacking  this  kind  of 
origin  may  be  readily  presumed  from  the  irregularity  of  their 
meiosis. 

In  many  plants  with  obligatory  parthenogenesis  we  see  that  the 
institution  of  parthenogenesis  was  likewise  determined  by  a 
mechanical  defect  in  the  chromosome  organisation.  Most  of  them 
are  evidently  triploids  or  autopolyploids  of  a  kind  that  could  not 
reproduce  satisfactorily  by  way  of  meiosis.  But  since  they  began 
to  be  parthenogenetic  they  have  evidently  changed.  They  have 
acquired  a  genotypic  property  of  regularly  suppressing  meiosis. 
This  is  shown  in  a  variety  of  ways,  as  follows  : — 
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First,  we  sometimes  find  that  side  by  side  with  the  regular 
ameiosis,  as  we  may  describe  it,  of  the  functional  cells,  there  is  still 
the  original  condition  of  pairing  in  the  non-functional  cells.  Or 
again  if  this  pairing  is  suppressed  it  is  found  to  be  equally  sup- 
pressed when  the  chromosome  number  is  doubled  and  every  chromo- 
some has  an  identical  mate.  Moreover,  meiosis  in  the  female  cells 
is  liable  to  much  greater  irregularity  than  in  those  of  any  hybrid, 
for  occasionally,  as  in  Artemisia,  typical  autopolyploid  hybrid 
behaviour  is  replaced  by  the  highly  specialised  ameiosis. 

Secondly,  in  species  of  Eu-hieracium  (Rosenberg,  1917,  1927)  it 
has  been  possible  to  trace  stages  in  the  development  of  the  sup- 
pression. Applying  to  these  the  results  of  our  earlier  analysis  of 
aberrations  of  meiosis  (Ch.  X)  it  is  possible  to  define  the  conditions 
of  the  development. 

In  the  first  stage  of  "  degeneration  of  the  reduction  division," 
i.e.,  abortion  of  the  first  meiotic  division,  the  Boreale  type,  we  see 
the  ordinary  symptoms  of  hybridity  :  pairing  at  pachytene  but  not 
at  metaphase  ;  the  failure  of  metaphase  pairing  is  due  to  the  same 
cause  in  these  hybrids  as  in  the  fragments  of  non-hybrid  species,  an 
insufficient  length  of  chromosome  paired  at  pachytene  to  lead  to  the 
formation  of  a  chiasma.  But,  in  the  last  stage,  Pseudoillyricum, 
with  suppression  even  of  pachytene  pairing  and  the  substitution  of 
mitosis  for  meiosis,  we  have  a  phenomenon  that  is  not  characteristic 
of  hybrids,  as  such.  Clearly  a  primary  condition  of  meiosis  is 
wanting,  and  on  the  precocity  theory  this  might  happen  in  two 
ways  :  either  (i)  the  division  of  the  chromosomes  is  relatively 
advanced,  or  (ii)  the  beginning  of  prophase  is  relatively  retarded, 
so  that  at  leptotene  the  chromosomes  are  already  doubled  and 
therefore  have  no  attraction  for  one  another.  That  both  these 
aberrations  are  indeed  conditions  of  various  types  of  abnormality 
found  in  meiosis  is  shown  by  the  time  discrepancies  observed  in 
several  apomictic  and  sexual  genera.  The  irregular  nuclei  are  either 
advanced  or  retarded  (Table  62). 

Semi-mitotic  meiosis  occurs  in  Hieracium  at  an  earlier  stage  in 
the  development  of  the  flower  than  the  normal  meiosis  of  sexual 
species  (Rosenberg,  1927).  This  general  timing  abnormality  is 
associated  with  a  special  one,  characteristic  of  semi-mitotic  meiosis 
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in  parthenogenetic  plants  :  the  prophase  begins  after  a  prolonged 
resting-stage  and  the  chromosomes  are  contracted  very  little 
more  than  in  mitosis  (e.g.,  in  Archieracium,  Eupatormm,  Antennaria, 
Bergman,  1934,  cf.  Gustafsson,  1935  ;  Leontodon  hispidtts,  abnormal 
plant,  Bergman,  1935). 

We  see  then,  on  cytological  grounds,  that  the  suppression  of 
meiosis  in  these  plants  is  conditioned  in  its  simplest  form  by  the 
mechanical  relationships  of  the  chromosomes,  in  its  more  advanced 
forms,  on  the  other  hand,  by  a  genotypical  property.  This  property 
acts  by  removing  the  characteristic  precocity  in  the  prophase  and 
with  it  the  essential  characteristic  of  meiosis,  the  pairing  of  chromo- 
somes. It  may  have  more  or  less  of  the  adventitious  characteristics 
of  meiosis,  which  are  secondary  to  this  pairing  and  do  not  hinder  the 
regularity  of  the  substituted  mitosis. 

Thus  three  conditions  appear  to  determine  diploid  parthenogenesis 
in  its  most  advanced  form  in  the  Eu-hieracia  and  elsewhere  :  (i)  A 
genetic  property,  particularly  common  in  some  genera,  conditioning 
parthenogenetic  development  of  the  embryo-sac  ;  (ii)  hybridity 
or  autopolyploidy  conditioning  the  original  formation  of  unreduced 
embryo-sacs,  as  found  in  the  Pilosella  section  ;  and  (iii)  a  genetic 
property  acquired  later  by  adaptation,  perfecting  the  mechanism 
by  which  suppression  takes  place  and  probably  consisting  in  a 
derangement  of  the  ordinary  time  relationships  of  meiosis  ;  the 
first  stage  of  this  is  found  in  Boreale,  last  stage  in  Psendoillyricum. 

(ii)  Adaptation  and  the  Mechanism  of  Variation  with  Partheno- 
genesis. A  difficulty  arises  when  we  come  to  consider  how  this 
third  condition  can  be  attained  by  adaptation  in  a  parthenogenetic 
organism.  This  difficulty  has  been  felt  in  another  connection. 
Genera  of  plants  in  which  apomixis  is  general,  commonly  show  a 
remarkable  potymorphism.  This  is  particularly  true  of  Rubus  and 
Eu-hierachim.  In  En-hieracium  Ostenfeld  found  60  partheno- 
genetic species  and  only  three  sexual  ones  (cf.  Rosenberg,  1917). 
How  has  such  a  remarkable  polymorphism  arisen  in  the  absence  of 
the  two  recognised  means  for  the  distribution  and  recombination 
of  variations,  viz.,  meiosis  and  fertilisation  ? 

Ostenfeld  and  many  others  have  sought  to  explain  the  phenomenon 
as  the  result  of  mutations  (192 1).     As  a  rule  the  progeny  of  a 
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parthenogenetic  plant  or  animal  are  as  like  their  parent  as  conditions 
permit  ;  in  plants  they  constitute  a  "  clone  "  of  the  same  uniformity 
as  one  reproduced  by  cuttings  or  bulbs.  Ostenfeld,  however, 
showed  that  two  "  mutations  "  occurred  in  1260  parthenogenetic 
seedlings  of  H.  tridentatum. 

Similarly,  male  plants  appear  from  parthenogenetic  Antennaria. 
The  origin  of  these  mutations  becomes  clear  in  the  light  of  the 
present  interpretation  of  chromosome  pairing  in  terms  of  crossing- 
over.  Both  the  general  theory  and  the  particular  experiments 
show  that  where  either  the  first  or  the  second  meiotic  division  is 
suppressed  after  certain  chromosomes  have  paired  and  formed 
chiasmata  there  will  be  a  segregation  of  any  differences  between 
these  chromosomes  (Ch.  VII).  Since,  in  all  but  the  most  extreme 
and  stable  forms  of  parthenogenesis,  mother-cells  occur  with  pairing 
of  chromosomes,  this  pairing  will  account  for  the  occasional  "  muta- 
tions "  observed  in  parthenogenetic  progenies  of  hybrid  plants  and 
animals  {cf.  Gustafsson,  1934  a  ;   Bergman,  1934). 

In  short,  diploid  parthenogenesis  appears  to  provide  a  mechanism 
whereby  an  organism  in  which  normal  meiosis  would  give  sterility 
through  excessive  segregation,  may  show  limited  segregation  and 
be  fertile.  The  mechanism  is  analogous  in  its  effect  to  that  whereby 
segregation  is  restricted  in  the  tetraploid  derivatives  of  diploid 
hybrids.  Most  segregates  being  more  homozygous  should  be  less 
asexually  fertile  than  their  parent,  as  these  were.  They  will 
provide  the  basis  of  polymorphism.  The  mutations  inferred  in  the 
relatively  homozygous  Cladocera  (Banta  and  Wood,  1928)  cannot, 
of  course,  be  due  to  segregation  of  any  kind.  Nor  is  the  segregation 
found  in  parthenogenetic  Apotettix  (cf.  Robertson,  193 1  a)  of  this 
kind,  but  merely  first  division  mendelian  segregation  in  an  organism 
with  perfect  chromosome  pairing. 

A  second  ground  for  expecting  mutations  in  the  progenies  of 
parthenogenetic  plants  is  found  in  the  imperfection  of  the  failure 
of  meiosis  when  sexual  reproduction  is  first  replaced.  If,  occasion- 
ally, univalents  have  divided  before  a  restitution  nucleus  is  formed 
in  the  first  division,  progeny  will  be  produced  with  varying  and 
unbalanced  chromosome  numbers.  Such  plants  are  produced  and 
survive  in  Miintzing's  Poa  species  which  on  this  account  must  be 
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regarded  as  representing  the  earliest  and  most  unstable  beginnings 
of  parthenogenesis  yet  found  in  plants. 

These  mutations  will  also  provide  the  basis  of  selection  for 
adaptation  of  the  meiotic  mechanism  to  more  perfect  conditions 
for  parthenogenesis,  i.e.,  for  developing  the  genetic  character 
which  is  the  second  step  in  the  evolution  of  fertile  parthenogenesis. 
Nor  should  this  be  difficult.  The  appearance  of  genotypes  for 
the  suppression  or  partial  suppression  of  meiosis  in  mutants  and 
segregates  of  sexual  species  and  hybrids  is  common  enough 
(Ch.  X).  And  while  in  these  any  such  mutation  is  a  disadvantage, 
in  incipiently  parthenogenetic  organisms,  it  will  have  the  highest 
positive  selection  value. 

Conclusion.  The  following  are  the  chief  independent  conditions 
determining  habitual  apomixis  : — 

(A)  A  genetic  property  of  allowing  the  development  of  the  egg-cell 
without  fertilisation  and  with  or  without  other  stimulus,  such  as 
false  fertilisation  (Lidforss,  1914)  or  degeneration  of  neighbouring 
tissues  (Haberlandt,  1921,  a  and  b).  This  is  not  inherent  in  all  living 
organisms,  but  is  widespread  in  certain  groups  of  plants  and 
animals,  and  is  probably  inherent  in  all  those  with  normally  zygotic 
meiosis. 

(B)  A  genetic  property  determining  the  development  of  other 
cells  than  the  spore  in  the  embryo-sac  or  embryo  {cf.  Andersson, 
1 931)  [condition  of  apospory  and  nucellar  embryony]  or  of  other 
cells  than  the  egg-cell  into  the  embryo  [condition  of  apogamy]. 
This  effect  is  usually  conditional  on  failure  of  the  facultatively 
sexual  embryo. 

(C)  Functional  hybridity,  numerically  or  structurally  incom- 
patible with  regular  meiosis,  leading  to  either  (i)  failure  of  numerical 
reduction  and  partial  suppression  of  segregation  {cf.  D.,  1930  a) 
which  with  (A)  gives  diploid  parthenogenesis  (cf.  Harrison,  1920), 
or  (ii)  sterility  through  segregation,  whether  in  a  mendelian  sense  or 
as  regards  the  distribution  of  whole  chromosomes,  which  with  (B) 
gives  apospory  [cf.  Chiarugi  and  Francini,  1930). 

(D)  A  genetic  property  determining  :  (i)  fusion  of  a  polar  body 
with  the  egg  nucleus,  or  of  two  segmentation  nuclei ;  or  (ii)  failure 
of  numerical  reduction  [cf.  P.  Hertwig,  1920)  owing  to  alteration  of 
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the  time  relationship  of  meiosis.  With  (A)  this  property  gives 
diploid  parthenogenesis  in  many  plants  and  animals.  It  may  be 
acquired  as  an  adaptation  by  selection  of  segregates  secondary  to  (C), 
which  alone  is  an  imperfect  basis  for  diploid  parthenogenesis. 

(iii)  Subsexual  Reproduction,  Apomixis  has  in  the  past  been 
investigated,  described  and  classified  in  terms  of  morphology  and 
not  in  terms  of  genetics.  This  was  at  first  inevitable  since  genetics 
is  founded  on  the  study  of  sexually  reproducing  organisms,  and  the 
rules  it  has  established  can  be  applied  directly  to  them  alone.  Even 
for  them  we  need  the  help  of  chromosome  studies  when  we  are 
dealing  with  hybrids  of  a  complex  character.  These  studies  can  be 
used  as  we  have  seen  by  extrapolating  from  the  relationships 
between  chromosome  behaviour  and  breeding  behaviour  made  out 
in  specially  simpHfied  experiments.  Such  studies  we  now  see  can 
also  be  applied  to  the  elucidation  of  apomixis  from  the  genetical 
point  of  view. 

The  most  obvious  conclusions  have  already  been  drawn.     They 
show  the  part  taken  by  mechanical  relationships  of  the  chromosomes 
and  by  the  adaptation  of  the  genotype  in  the  development  of 
apomixis.     But  there  is  a  further  step  to  be  taken.     Sexual  repro- 
duction has  always,  since  Weismann,  been  seen  to  consist  in  the  two 
essential  processes  of  meiosis  and  fertilisation.     These  processes  are 
the  means   of  recombining   the  parts   of  chromosomes.     Such   a 
recombination    is    possible,    however,    without    either   meiosis   or 
fertilisation.     The  process  of  segregation  which  is  responsible  for 
the  variation  and  development  of  parthenogenetic  plants  requires 
merely  crossing-over.     And  crossing-over  is  as  we  have  seen   a 
universal  concomitant  of  meiosis,  an  essential  part  of  sexual  repro- 
duction, without  which,  in  fact,  sexual  reproduction  would  become 
effectively  clonal  for  each  chromosome.     The  retention  of  crossing- 
over,  even  in  the  attenuated  degree  to  which  it  is  found  in  stable 
apomictics,  is  therefore  genetically,  although  not  morphologically  a 
property  of  sexual  reproduction.     The  parthenogenetic  organism 
with  crossing-over  has  thus,  as  we  may  say,  a  suhsexual  reproduction, 
the  sexual  character  of  which  is  morphologically  concealed,  but 
genetically  effective,  more  effective  indeed  than  in  a  regularly  self- 
fertilised  sexual  diploid. 
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When  we  apply  the  genetical  criterion  of  recombination  to 
forms  with  sexual  reproduction  we  see  that  many,  if  not  all,  have 
clonal  chromosomes  or  parts  of  chromosomes.  Thus  all  the 
unpaired  chromosomes  of  Rosa  canina  are  clonal,  or  if  they  occasion- 
ally pair  they  are  subsexual.  Similarly,  the  differential  segments 
of  (Enothera  and  of  the  Y  chromosomes  of  higher  organisms  are 
clonal. 

Such  clonal  parts  of  the  hereditament  in  sexually  reproducing 
organisms  have  always  the  capacity  of  returning  to  sexual  life  as 
a  result  of  structural  change.  But  if  they  have  become  inert 
before  they  recover  in  this  way,  their  change  is  presumably 
irreversible.  In  obligatory  apomictics  the  whole  hereditament  has 
made  an  irreversible  step  towards  asexuality. 

Another  special  modification  of  sexual  reproduction  results  from 
all  structural  changes  like  short  inversions  which  inhibit  crossing- 
over  in  the  hybrid^  for  such  changes  establish  a  condition  of 
endogamy  in  the  segment  affected.  All  the  genes  within  it  are 
prevented  from  crossing-over  effectively  with  the  genes  in  the 
unchanged  segment.  It  is  therefore  separated  in  evolution.  Its 
descendants  become  an  endogamous  community  corresponding 
genetically  to  an  endogamous  community  of  zygotes  (D.,  1936  a 
and  d). 

By  pursuing  investigation  along  these  lines  with  the  help  of  the 
new  genetical  interpretation  of  chromosome  behaviour,  it  will  be 
possible  to  determine  how  the  genetic  system  works  and  changes 
over  a  wider  range  of  organisms  and  a  greater  space  of  time  than  is 
accessible  to  experimental  enquiry. 
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Postulates — Unity  of  Mitosis  and  Meiosis — Internal  Mechanics — The 
Spiralisation  Cycle — The  Molecular  Spiral — External  Mechanics — Specific 
Attractions — Gene  Reproduction — Repulsions — Terminalisation — Centromere 
and  Centrosomes — The  Spindle — Congression  and  Orientation — Cell-Wall 
Formation — The  Balance  Theory  of  Mitosis — Ultra-Mechanics — Crossing-Over 
and  Structural  Change^Molecular  Foundations. 

Utinam  caetera  naturae  phenomena  ex  principiis  mechanicis  eodem  argu- 
mentandi  genere  derivare  liceret.  Nam  multa  me  movent,  ut  nonnihil 
suspicer  ea  omnia  ex  viribus  quibusdam  pendere  posse,  quibus  corporum 
particulae  per  causas  nondum  cognitas  vel  in  se  mutuo  impelluntur  et  secundum 
figuras  regulares  cohaerent,  vel  ab  invicem  fugantur  et  recedunt.* 

Newton,  Principia  Alathematica,  Pref.  ist  Ed.,  1686. 

I.  INTRODUCING  AN  AXIOMATIC 

In  studying  movements  in  the  cell,  our  object  must  be  to 
find  out  how  far  they  are  consistent  and  hence  to  infer  the  principles 
governing  their  occurrence.  Such  mechanical  principles  must  be 
related  if  possible  to  those  inferred  in  other  systems,  especially 
non-living  systems  both  of  a  molecular  and  of  a  macroscopic  order 
of  size  and  integregation.  The  most  promising  method  at  first 
sight  would  seem  to  be  the  method  of  externally  controlled  experi- 
ment which  has  proved  most  useful  in  the  analysis  of  other  physio- 
logical processes.  This  method  has  in  fact  yielded  important,  if 
somewhat  isolated,  results.  But  they  have  been  limited  in  scope 
by  difficulties  of  a  similar  kind  to  those  that  have  limited  the  studies 
of  electrons.  It  is  difficult  to  observe  the  living  chromosomes 
without  altering  them.  It  is  usually  impossible  to  alter  them  in 
one  respect  without  altering  them  in  several  others  and  by  means 
which  cannot  be  exactly  defined. 

*  I  wish  we  might  derive  the  rest  of  the  phenomena  of  nature  by  the  same 
kind  of  reasoning  from  mechanical  principles,  for  I  am  led  by  many  reasons 
to  suspect  that  they  may  all  depend  upon  certain  forces  by  which  in  an 
unknown  way  the  particles  of  bodies  are  either  mutually  attracted  towards 
one  another  and  cohere  in  regular  figures,  or  are  repelled  and  recede  from  one 
another. 
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In  this  case  there  is  a  way  out  :  we  can  call  in  the  aid  of  a  different 
scientific  method,  hitherto  successfully  applied  in  geology  and 
astronomy,  to  help  out  controlled  experiment  with  natural  experi- 
ment. In  this  method  we  compare  conditions  in  nature  which 
differ,  so  far  as  we  can  judge,  in  respect  of  the  fewest  variable 
factors.  For  such  a  purpose  the  study  of  the  chromosomes  is  very 
well  suited.  When  we  take  the  whole  of  living  organisms  together, 
the  chromosomes  show  a  more  uniform  behaviour  both  mechanically 
and  physiologically  than  any  other  structures.  This  is  not  surprising, 
since  they  lie  at  the  root  of  all  living  processes,  and  on  their  accurate 
mechanical  and  physiological  co-ordination  the  success  of  these 
processes  depends.  And,  as  we  have  seen  in  regard  to  the  alterna- 
tion of  generations,  co-ordination  in  function  enforces  stability  in 
evolution.  Moreover,  the  technique  of  genetics  puts  ready  to  our 
hands  the  means  of  analysing  mutations  which  act  physiologically, 
for  the  most  part,  in  breaking  down  the  genetic  system.  These 
mutations  are  not  directly  controlled  by  the  observer,  but  are 
related  in  cause  and  effect  to  a  large  body  of  similar  observations, 
similarly  analy sable. 

In  attempting  to  study  cell  mechanics  we  must  take  the  further 
elementary  (Baconian)  precaution  of  beginning  our  induction  from 
the  most  certain  and  most  exact  evidence  and  proceeding  to  the 
less  certain  and  less  exact.  We  must  therefore  begin  with  the 
chromosomes,  the  cell-components  whose  behaviour  is  most  constant 
and  most  readily  verifiable,  and  then  on  this  foundation  (and  we 
are  as  yet  little  above  the  foundations)  attempt  to  construct  a 
general  theory  of  cell  mechanics. 

The  data  for  our  study  consist  in  observations  of  mitosis  and 
meiosis  in  all  living  organisms.  Our  first  task  is  to  arrange  the 
data  in  a  suitable  form  for  comparison,  and  to  do  this  we  must 
find  out  to  what  extent  there  exists  a  uniformity  in  each  of  the 
two  important  types  of  nuclear  division,  mitosis  and  meiosis.  A 
uniformity  in  the  general  character  of  mitosis  has  long  been  under- 
stood. Its  demonstration  was  completed  with  the  masterly  review 
of  nuclear  behaviour  in  the  Protista  by  Belar  (1926) .  The  uniformity 
of  meiosis  has  been  more  slowly  realised.  Its  demonstration  was 
completed  by  the  evidence  leading  to  the  chia;sma  theory  of  meta- 
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phase  pairing  (D.,  1929  b).  We  can  now  assume  that  with  the  same 
general  character  in  all  organisms  each  type  of  division  works  in 
the  same  way,  on  the  same  mechanical  principles,  in  all  organisms. 

Our  next  task  is  to  relate  the  two  types  of  nuclear  division. 
Classical  cytology  was  unable  to  deal  with  this  problem.  It  was 
baulked  by  a  conclusion  that  seemed  so  obvious  that  it  was  never 
questioned  :  the  homologous  chromosomes  which  did  not  attract 
one  another  at  mitosis,  came  together  at  meiosis  by  an  attraction 
which  consummated  the  hitherto  incomplete  sexual  process.  An 
insufficient  analysis  led  to  a  teleological  conclusion  and  the  issue 
was  closed. 

The  method  that  has  been  followed  here  is  to  assume  every 
possible  likeness  between  mitosis  and  meiosis  and  then  by  a  process 
of  exclusion  to  arrive  at  the  essential  difference.  We  have  seen  that 
in  the  attractions  and  repulsions,  in  the  external  and  internal 
coiling  relationships  of  the  chromosomes,  in  the  individuality  and 
reproduction  of  the  chromomeres  and  centromeres,  and  in  the 
cyclical  changes  of  the  spindle  and  of  the  nucleus,  there  is  indeed 
no  essential  difference  between  the  two  types  of  division.  We 
have  seen  that  on  the  other  hand  there  is  a  difference  in  the  timing 
relationship  of  the  cyclical  changes  in  the  nucleus,  spindle,  centro- 
meres and  chromosomes.  This  difference  can  be  expressed  by 
saying  that  in  meiosis  the  changes  outside  the  chromosomes  are 
advanced  in  relation  to  the  changes  inside  the  chromosomes.  In 
meiosis,  as  compared  with  mitosis,  the  external  changes  are  pre- 
cocious. On  this  basis  we  can  assume  that  the  forces  acting  in  the 
two  types  of  division  are  the  same,  and  the  whole  array  of  observa- 
tions of  mitosis  and  meiosis  becomes  available  for  the  comparative 
analysis  of  chromosome  movement. 

Our  third  task  is  to  separate  this  great  mass  of  data  into  classes 
which  are  convenient  for  handling.  Of  course,  every  movement  of 
a  chromosome  is  related  in  some  way  with  every  other,  but  we  have 
to  separate  them  for  individual  consideration  so  far  as  possible, 
just  as  we  have  to  separate  the  mechanical  and  physiological 
activities  of  the  chromosome  although  these  activities  continually 
affect  one  another.  The  most  important  cleavage  comes  between 
the  external  and  internal  changes  in  the  position  of  chromosomes. 

R.A.  CYTOLOGY.  16 
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The  first  consist  in  movements  of  individual  chromosomes  in  relation 
to  each  other  and  to  bodies  outside  them.  These  movements  are 
the  data  of  external  mechanics.  The  second  consist  merely  of  changes 
in  shape  of  the  chromosomes.  They  are  the  data  of  internal 
mechanics. 

A  third  class  of  data  arises  from  the  division  into  external  and 
internal  mechanics.  This  is  a  group  of  movements  which  depend 
equally  on  both  and  are  necessarily  more  complex  than  either. 
Paired  chromosomes  during  the  pachytene  stage  express  the  laws 
of  both  internal  and  external  mechanics,  which  are  combined  in 
the  attainment  of  the  special  result  of  their  relationship  at  this 
stage,  crossing-over  between  them.  This,  and  the  mechanics  of 
structural  change  of  which  it  is  a  special  form,  may  be  dealt  with 
in  a  special  class  of  more  speculative  considerations  as  ultra- 
mechanics. 

In  order  to  analyse  the  movements  assigned  to  these  categories 
it  is  necessary  to  describe  them  according  to  a  recognised  canon  of 
mechanical  nomenclature.  For  the  present  elementary  treatment 
it  is  easiest  to  follow  the  conventions  of  classical  mechanics  and 
attribute  movements  to  forces,  whether  of  attraction,  repulsion  or 
torsion.  The  student  who  finds  this  treatment  objectionable  is  free 
to  translate  these  shorthand  expressions  into  terms  of  energy 
levels,  but  such  a  description  is  roundabout  for  our  present  purposes, 
except  in  regard  to  the  especially  complex  spindle  system.  We  have 
in  the  cell  the  same  grounds  for  inferring  forces  that  Newton  had 
in  the  universe  :  movements  and  accelerations  of  bodies  regularly 
occurring  and  accurately  measurable.  We  use  the  same  means  of 
inference  :  comparison  of  the  movements  and  equilibrium  positions 
of  bodies  of  different  sizes  and  at  different  distances  apart. 

In  attempting  to  establish  a  new  and  closed  system  of  mechanics 
it  is  of  the  highest  importance  that  we  should  begin  our  induction 
from  the  right  group  of  data,  taking  by  analogy  the  right  assumptions. 
This  is  a  matter  of  trial  and  error,  and  many  false  starts  have  been 
made  in  consequence.  The  sound  basis  of  external  mechanics  lay 
in  Lillie's  observations  in  1905,  but  this  could  not  be  used  until 
meiosis  and  mitosis  were  correlated.  The  sound  basis  of  internal 
mechanics  was  not  revealed  until  Kuwada  and  Nakamura's  experi- 
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Figs,  i  and  2. — Metaphase  and  telophase  of  mitosis  of  the  generative 
nucleus  in  the  pollen  tube  [Titlipa,  n  —  12),  showing  internal  and  relic 
spirals.      X  2000.     (Upcott,  1936,  aceto-carmine.) 

Figs.  3,  4  and  5. — Successive  stages  in  i)rophase  uncoiling  from 
Plate  II. 

"Fig.  6. — IMajor  spirals  of  Tvadcscantia  vivginiana  partly  uncoiled  by 
"fixing  in  hot  aceto-carmine.      (Richardson,  unpublished.)      x  ca.  1500. 

Figs.  7  and  8. — T.  virginiana  fixed  in  aceto-carmine. 

Fig.  7.  Artificial  resting  nucleus  produced  by  ammonia  pre- 
treatment  of  second  metaphase  chromosomes.  Fig.  8.  Natural 
resting  nucleus  in  the  pollen  grain.  (Kuwada  and  Nakamura, 
1934  «•) 
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merits  showed  the  way.  The  soundness  of  these  beginnings  has 
been  shown  only  by  their  comparison  with  large  bodies  ot  related 
observations.    How  this  has  been  done  we  shall  now  try  to  see. 

2.  INTERNAL  MECHANICS  OF  THE  CHROMOSOMES 
(i)  The  Problem.  The  series  of  changes  undergone  by  the 
chromosomes  in  the  course  of  mitosis  consist  of  a  successive  coiling 
and  uncoiling.  From  the  point  of  view  of  their  internal  mechanics, 
mitosis  is  therefore  a  spiralisation  cycle.  In  the  prophase  each 
chromatid  develops  an  internal  spiral  as  it  shortens  and  thickens. 
This  is  to  be  inferred  from  the  structure  observed  at  metaphase, 
for  within  the  prophase  nucleus  it  cannot  yet  be  differentiated.  At 
telophase  in  living  cells  the  successive  spirals  can  be  seen  to  separate 
and  in  the  following  prophase  their  relic  spirals  gradually  uncoil 
while  the  new  internal  spirals  are  being  developed  within  each  of 
the  chromatids  into  which  the  chromosome  has  divided.  These 
two  chromatids  themselves  show  a  relational  spiral  which  is, 
however,  facultative,  for  the  chromatids  of  ring  chromosomes  are 
usually  able  to  separate  and  must  therefore  have  been  lying  parallel. 

From  this  series  of  events  four  mechanical  principles  may  be 
inferred  (D.,  1935  a)  : 

First,  the  coiling  and  uncoiling  of  the  internal  spirals  must  be 
immediately  determined  by  internal  changes,  for  if  they  were  exter- 
nally determined,  differences  would  always  be  found  between 
chromosomes  of  different  lengths  (Kuwada,  1935).  The  agent 
must  be  torsion  within  the  chromosome  thread  in  the  opposite 
direction  to  the  internal  spiral.  This  may  be  described  most  simply 
as  due  to  the  formation  of  a  molecular  spiral,  a  spiral  torsion  within 
the  thread. 

Secondly,  the  delay  in  uncoiling  which  leads  to  one  cycle  over- 
lapping the  next  must  be  due  to  a  failure  of  the  external  form  of 
the  chromosomes  to  respond  immediately  to  the  internal  stresses 
due  to  changes  in  their  molecular  spiral.  Such  a  hysteresis  is  clearly 
due  to  the  chromosomes  lying  in  a  somewhat  rigid  medium  and 
within  a  limited  space,  the  resting  nucleus. 

Thirdly,  the  relational  coiling  of  chromatids  must  depend  on  the 
specific  attractions  of  their  parts,   for  otherwise  the  chromatids 
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would  slip  round  one  another  freely  as  they  shortened  and  straight- 
ened so  as  to  lie  parallel  at  metaphase.  These  attractions  will  be 
dealt  with  later. 

Fourthly,  the  separation  of  daughter  ring-chromosomes  shows 
that  a  cleavage  surface  is  predetermined  within  the  coiled  chromosome 
in  the  resting  stage  along  a  spiral  compensating  for  the  relic  spiral. 
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Fig.   135. — Relationships  of  different  kinds  of  spiral  structure,  in 
space,  time  and  (provisionally)  in  direction.     (D.,  1935  a.) 


These  conclusions,  in  answering  some  of  the  questions  of  internal 
mechanics,  raise  several  new  questions  : — 

(i)  The  internal  spirals  are  evidently  consistent  for  considerable 
parts  of  chromosomes.  Are  they  consistent  for  whole  chromosomes 
or  for  whole  arms  ? 

(ii)  If  they  are,  and  a  molecular  spiral  determines  coiling,  what 
is  it  that  co-ordinates  the  molecular  spiral  ? 

(iii)  Further,  a  molecular  spiral  must  be  supposed  also  to  deter- 
mine the  relational  coiling  of  chromosomes  at  pachytene  by  the 
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homologues  coiling  in  the  same  direction.  Is  this  the  same  spiral 
as  that  determining  the  internal  spiral  ? 

(iv)  If  so,  why  does  it  determine  a  relational  spiral  at  one  time 
and  an  internal  spiral  at  another  ? 

(v)  Finally,  why  do  the  chromatids  not  coil  jointly  instead  of 
separately  during  the  prophase,  making  use  of  the  relic  spirals 
from  the  preceding  division  instead  of  undoing  them  ? 

New  work  on  the  coiling  of  the  chromosomes  at  meiosis  now 
enables  us  to  answer  some  of  these  questions. 

(ii)  The  Meiotic  Cycle.  An  unpaired  chromosome  at  the  first 
metaphase  of  meiosis  consists,  like  a  mitotic  chromosome,  of  two 
chromatids  lying  side  by  side  with  an  undivided  centromere.  Two 
paired  chromosomes  differ  merely  in  having  an  exchange  of  partner 
amongst  their  chromatids.  Meiotic  chromosomes,  however,  are  dis- 
tinguished from  mitotic  ones  slightly  but  definitely  in  their  super- 
ficial properties  :  on  the  one  hand  they  are  shorter  and  broader  and 
on  the  other  they  are  more  regularly  and  closely  associated.  These 
differences  depend  on  their  internal  structure. 

The  large  meiotic  chromosomes  that  have  been  accurately 
examined  after  appropriate  treatment  have  been  shown  to  consist 
of  a  minor  spiral,  coiled  into  a  major  spiral.  The  minor  spiral  corre- 
sponding in  diameter  to  the  mitotic  internal  spiral,  was  first  sug- 
gested by  Fujii  and  demonstrated  experimentally  by  Kuwada  and 
Nakamura.  The  secondary  coiling  accounts  for  the  greater  reduc- 
tion in  length  of  meiotic  chromosomes.  Moreover,  the  nucleolar 
constrictions  are  apparently  constrictions  of  the  minor  spiral  since 
they  are  invisible  in  a  thread  coiled  into  a  major  spiral  as  well. 
Kuwada  (1935)  supposes  that  this  develops  after  the  primary  minor 
spiral.  They  may  alternatively  be  supposed  to  develop  side  by  side, 
since  in  this  way  variations  in  the  degree  of  linear  contraction  would 
require  the  minimum  of  variation  in  the  angle  of  the  spiral. 

This  difference  in  spiralisation  between  meiosis  and  mitosis  is 
generally  correlated  with  precocity  of  the  prophase.  It  is  accom- 
panied by  a  second  difference.  The  two  chromatids  are  sometimes 
jointly  coiled  both  as  to  their  major  and  perhaps  their  minor  spirals. 
They  then  come  apart  at  late  metaphase  or  anaphase  (Kuwada  and 
Nakamura,  1933  ;    Sax  and  Humphrey,  1934).    Such  seems  to  be 
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Fig.  136. — Diagram  to  show  the  history  of  spiral  forms  in  the  nuclear 
cycle,  mitosis  and  meiosis,  in  relation  to  the  division,  repre- 
sented by  double  lines  in  the  side  columns,  and  crossing-over 
of  chromosomes,  represented  by  chiasmata,  Xta.  With  normal 
prophase  the  chromosomes  divide  during  the  resting  stage, 
with  the  precocious  prophase,  at  the  end  of  pachytene. 
T,  telophase  ;  Pj  to  P4,  prophase  ;  M,  metaphase  ;  A,  anaphase  ; 
L,  leptotene  ;  Z,  zygotene ;  P,  pachytene  ;  D,  diakinesis. 
(R)  and  (L),  directions  of  individual  and  relational  coiling  of 
chromatids  at  mitosis  and  chromosomes  at  meiosis,  numbered 
according  to  the  seven  categories  of  Fig.  135.  A  circle  repre- 
sents the  centromere,  which  divides  at  the  end  of  metaphase  in 
mitosis  and  at  the  second  division  in  meiosis. 
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the  case  in  Tradescantia.  In  Trillium  and  Fritillaria,  on  the  other 
hand,  the  coiling  of  the  chromatids  seems  to  be  regularly  separate 
after  fixation  (Huskins  and  Smith,  1935,  D.  1935). 

During  the  interphase  between  the  two  divisions  we  find  relic 
spirals  gradually  uncoiling  as  at  mitosis.  Further,  since  the  sister 
chromatids  of  each  chromosome  have  separate  coils  we  might 
suppose  that  these  coils  were  embodied  in  the  internal  coils  of  the 
second  metaphase.  But  this  seems  unlikely,  for  we  find  that  owing 
to  the  shortness  of  the  interval  the  relic  coils  may  survive  until 
metaphase,  superimposed  on  the  internal  coils  as  they  are  in  the 
prophase  of  mitosis  (D.  1936  b). 

The  coiling  system  at  second  metaphase  usually  consists  of  a 
single  internal  spiral  as  at  mitosis.  The  degree  of  contraction  at 
this  stage  is,  however,  variable  in  many  organisms  {e.g.,  Gasteria, 
Podophyllum,  Fritillaria)  and  it  is  not  surprising  to  find  that  major 
as  well  as  minor  spirals  are  found  regularly  in  Sagittaria  and  occa- 
sionally in  Lilium  longiflonim. 

A  fixation  that  contracts  the  staining  thread,  obscuring  the  minor 
spiral,  is  especially  favourable  for  showing  the  direction  of  the 
major  spiral  at  first  metaphase  and  anaphase.  In  bivalents  of 
Tradescantia  and  Rhceo  with  only  terminal  chiasmata  the  simplest 
rules  are  found.  The  direction  is  constant  for  all  chromosome-arms, 
and  since  the  arms  are  jointly  coiled  the  paired  chromatids  neces- 
sarily have  the  same  direction  of  coiling.  Pairing  arms  often 
have  opposite  directions  of  coiling  however  (Fig.  137).  Where, 
therefore,  interstitial  chiasmata  are  found  at  metaphase  in  Trade- 
scantia and  Trillium,  changes  of  direction  occur  not  only  at  the 
centromere  but  in  chromosome  arms.  These  changes  perhaps 
coincide  with  the  interstitial  chiasmata  (Sax  and  Humphrey,  1934) 
and  result  from  crossing-over— presumably  between  chromosomes 
with  opposite  directions  of  coiling  (Huskins  and  Smith,  1935  ; 
Matsuura,  1935).  Changes  of  direction  are  probably  to  be  inferred 
from  the  observation  of  constrictions  in  two  of  the  four  chromatids 
at  anaphase  in  Stenohothrus  (Fig.  36A  ;  cf.  Belar,  1928).  They  are 
not,  however,  inherent  in  crossing-over,  for  acentric  chromatids, 
which  must  always  result  from  crossing-over,  have  been  found  with 
no  changes  of  direction   (S.   G.   Smith,   1935  ;    Upcott,  unptib.). 
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Change  of  direction  might  be  expected  on  the  other  hand  following 
crossing-over  between  chromosomes  with  opposite  coiling  directions 
if  the  direction  were  a  specific  property  of  the  arms  of  the  parent 
chromosomes  and  were  unaffected  by  crossing-over.  Interpreta- 
tions of  three  homologous  chromatids  having  the  same  direction, 
while  the  fourth  at  a  corresponding  point  has  the  opposite  direction, 
contradict  this  conclusion  but  are  perhaps  mistaken.  The  constant 
direction  in  arms  of  Rhceo  and  Tradescantia  with  terminal  chiasmata 
would  require  that  chiasmata  should  have  been  formed  originally 
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Fig.  137. — Major  spirals  at  first  metaphase  in  Tradescantia  revealed 
by  pre-treatment  with  hot  water  {cf.  La  Cour,  1935).  A  and  B, 
normal  and  mutant  type  of  spiralisation  in  diploid  species  ; 
C,  D,  E,  F,  tetraploid  species  showing  different  degrees  of 
chromatid  association  and  contraction ;  C,  ring  of  four ; 
E,  change  of  direction  at  the  centromere.      X  2,000. 

very  close  to  the  end  and  that  the  amount  of  movement  should  not 
have  been  proportionate  to  that  found  in  the  terminalisation  of 
chiasmata  in  small  chromosomes.  Such  an  abnormality  of  behavi- 
our, a  terminal  localisation,  has  already  been  suggested  on  other 
grounds  (Ch.  IV). 

In  an  organism  with  a  considerable  movement  of  chiasmata,  a 
change  of  direction  at  the  point  of  crossing-over  will  mean  that 
chromatids  with  opposite  directions  of  coiling  will  come  to  be 
paired.  Such  an  organism  cannot  therefore  be  supposed  to  have  a 
joint  coiling  of  chromatids  as  in  Tradescantia.  It  must  have  separate 
coiling  as  in  Fritillaria. 

The  change  of  direction  which  results  from  crossing-over  between 
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two  chromatids  with  an  opposite  direction  of  internal  coihng  is 
evidently  lost  at  the  next  mitosis,  since  whole  arms  seem  to  give 
consistent  results  at  each  meiosis  apart  from  crossing-over.  Thus, 
although  the  internal  spiral  must  be  determined  directly  by  the 
uncoiling  of  the  molecular  spiral,  its  direction  must  be  facultative 
and  determined  by  an  action  of,  or  at,  the  centromere  in  each 
division. 

The  consistent  direction  of  molecular  coiling  of  each  arm  is  per- 
haps imposed  by  the  centromere,  through  the  coiling  beginning 
near  the  centromere  and  being  transmitted  consistently  from  par- 
ticle to  particle  along  the  chromosome.  This  view  agrees  with  the 
observed  priority  of  proximal  parts  of  chromosomes  at  zygotene  and 
diplotene  in  many  plants  and  animals. 

The  conditions  determining  the  direction  of  relational  coiling  of 
chromosomes  in  pachytene  seem  to  be  more  complex  than  those 
determining  internal  coiling.  Relational  coiling  seems  to  be 
universal  both  from  direct  evidence  and  from  the  general  occurrence 
of  non-homologous  torsion  pairing.  To  develop  relational  coiling 
the  two  chromosomes  must  suffer  an  internal  torsion  in  the  same 
direction  as  one  another.  We  know  in  Tradescantia  that  their 
internal  coiling  may  be  in  opposite  directions.  The  direction  of  the 
spiral  responsible  for  the  two  systems  of  coiling  must  therefore  be 
separately  controlled.  Now  the  relational  coiling,  like  the  internal 
coiling,  seems  to  be  consistent  throughout  chromosome  arms  in 
Fritillaria  and  Chorthippus  apart  from  any  interruptions  due  to 
structural  hybridity.  But  where  such  interruptions  occur  different 
chromosomes  with  opposite  coiling  properties  must  sometimes  be 
brought  together.  These  chromosomes  must  nevertheless  be  sup- 
posed to  coil  relationally,  since  crossing-over  takes  place  between 
relatively  translocated  segments.  Thus  the  torsion  responsible  for 
relational  coiling  must  itself  be  not  individually  but  relationally 
determined.  We  are  thus  brought  face  to  face  with  a  contradiction 
between  the  principles  of  internal  and  relational  coiling  and  with  a 
seemingly  inexplicable  property  of  the  partner  chromosomes 
influencing  one  another's  coiling  direction  in  relational  coiling. 

Relational  coiling  of  chromatids  must  always  be  present  in  meiosis, 
since  interlocking  of  chromatids  may  always  occur  at  first  anaphase 
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where  more  than  one  chiasma  is  formed  in  a  given  pair  of  arms.  It 
is  also  determinate  in  its  direction  (D.  1936  d).  At  mitosis,  how- 
ever, as  we  saw,  relational  coiling  is  facultative.  It  is  also,  so  far 
as  our  present  observations  go,  indeterminate  in  many  chromosomes 
although  determinate  in  some  (D.  1936  c).  We  cannot  yet  say  what 
the  immediate  cause  of  the  mitotic  coiling,  still  less  of  its  variation, 
may  be.  Like  the  chromosome  coiling  at  meiosis,  it  must  depend 
ultimately  on  the  specific  attractions  of  the  genes  and  on  the  mole- 
cular coiling  of  the  threads.  If  the  effective  agent  of  association  is 
the  attraction  between  the  particular  pairs  of  genes  nearest  one 


Fig.    138. — Three    possible    interpretations    of    a    first    metaphase 
chromosome  in  relation  to  its  major  and  minor  spirals.     (D., 

1935  «^-) 

another  in  the  two  internal  spirals,  then  an  inequality  in  the  ampli- 
tude of  the  two  spirals  would  give  rise  to  a  coiling  of  the  chromatids 
— but  consistently  in  the  opposite  direction  to  the  internal  coiling. 

The  reason  why  the  relic  spiral  cannot  be  used  in  forming  the  new 
internal  spiral  is,  on  the  other  hand,  fairly  clear  :  it  has  already 
expanded  to  an  amplitude  far  greater  than  an  internal  spiral  ever 
assumes,  and  an  internal  spiral  always  develops  by  increasing  its 
amplitude,  not  diminishing  it. 

There  is  no  direct  evidence  to  show  why  the  chromosomes  coil 
relationally  at  one  stage  and  internally  at  others.  The  most  obvious 
possibilities  are  that  the  difference  depends  either  on  a  difference  in 
the  degree  of  attraction  at  work  at  different  stages,  or  on  the  coiling 
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change  being  in  opposite  directions  or  in  different  degrees  in  the 
two  cases  (D.  1935  c). 

Answering  these  questions  of  causation  must  needs  wait  upon  a 
related  study  of  all  the  spiral  formations,  internal  and  relational, 
in  the  same  pair  of  chromosomes  at  different  stages  of  the  nuclear 
cycle.  The  direction  of  relational  coiling  of  chromatids  at  meiosis 
may  be  recognised  with  difficulty  in  Orthoptera  (D.,  1936  h)  or  in 
anomalous  nuclei  in  plants  (D.,  1936  e).  The  direction  of  the  minor 
spiral  has  been  said  to  be  opposite  to  that  of  the  major  spiral  (Iwata, 
1935)-  These  structures,  however,  are  on  the  limit  of  visibility, 
hence  it  is  necessary  to  test  their  observation  by  the  most  rigorous 
inferences  at  every  step.  We  must  not  suppose,  as  some  authors 
do,  that  the  present  apparent  indeterminacy  is  final  and  irremediable. 
Meanwhile,  it  is  important  to  recognise  the  contradictions  between 
our  present  observations  of  relational  and  internal  coiling  in  order 
to  find  out  their  cause.  These  contradictions  do  not  affect  our 
consideration  of  external  mechanics. 

Table  71 

Observations  of  Chromosome  Coiling 

1.  Mitosis. 

(a)  Metaphase,  Internal  Spirals. 
Allium,  Gasteria.     Geitler,  1935  b,  c. 
Tulipa.     Upcott,  1935. 

(b)  Telophase  and  Prophase,  Relic  Spirals. 
Stenobothrus.     Janssens,  1924. 
Tettigonia.     de  Winiwarter,  1931. 

Tradescantia.     Kaufmann,    1926  ;     Kuwada    and    Nakamura,    1934    ^» 

Plate  XIII. 
Tulipa.     Upcott,  1936  b. 
Galtonia.     Newton,  1924. 
Fritillaria.     D.,  1935. 

(c)  Prophase  and  Metaphase,  Relational  Chromatid  Spirals. 
Many  plant  species.     Lewitsky,  1931  (presumed). 
Fritillaria,  Puschkinia.     D.,  1935  a,  1936  c  and  d. 
Locusta  (diplochromosomes) .     White,  1935. 

2.  Meiosis  (ist  Division). 

{a)  Metaphase  :  Major  Spirals.  Major  and  Minor  Spirals. 

Tradescantia  .     Baranetsky,  1880.     Fujii,  1926  cit.  Kuwada. 

Sakamura,  1927.        Kuwada  and  Nakamura,  1933. 
Nebel,  1932  b.  Sax  and  Humphrey,  i934- 

Kato,  1935- 
La  Cour,  1935. 
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RhcBO    . 

.      Nebel,  1932  b. 

Sax.  1935. 

Lilium 

Shinke,  1930. 

Iwata,  1935. 

Trillium 

Huskins  and 
Smith,  1935. 

Matsuiira,  1935  a. 

Gasteria 

Taylor,  1931. 
Tuan,  1931. 

Lathy  rus 

.      Maeda,  1928. 

Sagittaria 

. 

Shinke,  1934. 

Fritillaria 

. 

Darhngton,  1935. 

Podisma 

. 

Makino,  1936. 

3- 


(Orthoptera). 

{b)  Interphase,  Relic  Spirals. 
Tulip  a.     Newton,  1927. 
Gasteria.     Taylor,  1931. 
Lilium.     Kato  and  Iwata,  1935. 
Tradescantia.     Kato,  1935. 
Fritillaria.     D.,  1935  a. 
Podophyllum.     D.,  1936  ^. 

[c  ^)  Prophase,  Relational  Chromosome  Spirals. 
Zea.     McClintock,  1933  (presumed). 
Fritillaria.     D.,  1935  a  and  h. 
Chorthippus.     D.,  1936  d. 

{c  2)  Prophase  and  Metaphase,  Relational  Chromatid  Spirals. 
Chorthippus.     D.,  1936  b. 
Fritillaria.     D.,  1936  c. 

Meiosis  (2nd  Division). 

{a  ^)  Metaphase  and  Anaphase,  Minor  Spirals. 
Tradescantia.     Kuwada  and  Nakamura,  1935. 
Lilium.     Kato  and  Iwata,  1935. 

[a  ^)  Metaphase  and  Anaphase,  Major  Spirals. 

Sagittaria  (sometimes).     Shinke,  1934  '>    Kato  and  Iwata,  1935. 
Lilium  longiflorum. 

(b)  Metaphase,  Relic  Spirals. 
Fritillaria.     D.,  1935. 
Podophyllum.     D.,  1936  e. 

Permanent  Prophase  (Salivary  Glands). 
Relational  and  Relic  Spirals, 
Drosophila,     Koller,  1935. 


3.  EXTERNAL  MECHANICS  OF  THE  CHROMOSOMES 

(i)  Attractions,  (a)  Specific  Attractions.  In  homozygous  diploid 
organisms  an  association  occurs  between  corresponding  chromo- 
meres  of  homologous  chromosomes  in  pairs  at  zygotene.  In  similar 
tetraploids  a  similar  association  occurs  in  pairs,  but  changes  of 
partner  take  place  along  the  chromosomes,  each  of  which  pairs 
evidently  with  the  nearest  of  its  possible  partners  at  any  particular 
place.    This  association  evidently  depends  on  a  primary  attraction 
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between  chromomeres  which  is  qualitatively  specific  and  quantita- 
tively limited  to  pairs.  There  is  no  attraction  between  all  four 
threads  (chromosomes)  of  a  tetraploid  at  zygotene,  and  there  is  no 
attraction  between  the  four  threads  (chromatids)  of  a  diploid  at 
diplotene  after  the  chromosomes  have  divided.  This  intermolecular 
force  operates  at  a  greater  distance  than  intramolecular  attrac- 
tion, and  although  it  constitutes  one  of  the  primary  physical 
properties  of  living  matter  we  can  find  a  very  ready  inorganic 
analogy  {cf.  Hardy,  1919,  on  Static  Friction  cf.  1936). 

In  homozygous  organisms  there  is,  as  a  rule,  no  reason  to  doubt 
that  the  attraction  which  initiates  pairing  also  carries  it  on  through- 
out the  chromosome.  But  in  structural  hybrids  another  force  comes 
into  play.  Chromosomes  are  brought  together  in  the  parts  where 
they  are  homologous  by  their  specific  attractions.  But  in  linear 
sequence  with  these  are  non-homologous  parts.  These  are  under  a 
torsion,  as  all  chromosomes  are  at  this  stage,  the  torsion  that  deter- 
mines relational  coiling.  They  therefore  continue  this  homologous 
pairing  by  a  non-homologous  torsion-pairing  (McClintock,  1933,  on 
Zea  ;  Lammerts,  1934,  on  poly-haploid  Nicotiana,  D.,  1936  c  on 
Chorthippus) .  Sometimes  a  chromosome  may  "pair"  with  itself 
as  a  piece  of  twisted  string  does  when  released  from  longitudinal 
tension.  The  chromosomes  that  show  this  property  most  strongly 
are  the  inert  B  chromosomes  of  Zea  Mays  ;  they  show  a  correlated 
lack  of  secondary  attraction  at  mitosis  and  therefore  perhaps  have 
a  weaker  primary  attraction  [v,  infra) . 

There  are  various  other  consequences  of  torsion  pairing.  First,  in 
the  triploids  it  is  found  that  one  of  the  three  chromosomes  is  left 
out  of  association  at  zygotene,  the  three  chromosomes  changing 
partners  intermittently.  At  a  late  pachytene  it  is  found,  however, 
that  all  three  lie  very  close  together  and  may  appear  to  be  equally 
associated  in  some  small  parts  of  their  length  (D.,  1929  b,  Olmo, 
1934).  This  is  evidently  due  to  a  chromosome  which  is  unpaired  in 
an  intercalary  segment  being  dragged  round  its  partners  and  there- 
fore closer  to  them  as  the  relational  coiling  develops. 

Further,  we  may  recall  that  in  ordinary  homozygous  diploids  true 
pairing  is  often  incomplete,  especially  where  the  chromosomes  are 
very  long.    It  is  interrupted  by  the  division  of  the  unpaired  parts 
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(Ch.  IV).  In  such  cases  it  does  not  seem  impossible  that  pairing  may 
sometimes  be  continued  by  a  false  association  of  divided  parts  of 
chromosomes,  due  to  torsion  and  not  to  attraction,  due  in  fact  to 
torsion  overcoming  repulsion  in  short  intercalary  unpaired  seg- 
ments. 

The  evidence  shows  that  none  of  these  kinds  of  torsion  pairing 
results  in  association  that  will  permit  of  crossing-over.  Many  cases 
are  inconclusive.  Thus  where  there  is  non-homologous  torsion  pair- 
ing it  is  impossible  to  prove  the  complete  absence  of  homologous 
attraction-pairing  (Ch.  VIII).  Pairing  and  crossing-over  within 
haploid  sets,  for  example,  may  always  be  due  to  the  duplications 
that  are  known  to  occur  within  them  (Ch.  XI).  On  the  other  hand, 
non-homologous  parts  pair  at  pachytene  in  a  Zea-Euchlcena  deriva- 
tive (Beadle,  1932),  and  the  same  pairing  is  characteristic  of  the 
differential  segments  of  some  sex  chromosomes  (Ch.  IX).  But  in  no 
case  do  these  segments  form  chiasmata  and  in  no  case  does  the 
progeny  reveal  crossing-over. 

It  follows  from  all  these  considerations  that  the  analysis  of  the 
conditions  of  zygotene  pairing  is  more  complex  than  it  was  formerly 
believed  to  be.  From  time  to  time  observers  allege  that  they  have 
discovered  an  unexpected  peculiarity  of  the  chromosomes  in  regard 
to  their  pairing  (e.g.,  Huskins  and  Smith,  1934  ;  Lorbeer,  1934  ; 
Fig.  86).  In  order  to  arrive  at  such  conclusions  in  the  first  place  and 
a  fortiori  in  order  to  assess  their  value  for  the  general  theory  of 
chromosome  mechanics  it  is  necessary  to  see  and  understand  the 
succession  of  changes  before  and  after  the  supposed  abnormality,  a 
precaution  that  its  discoverers  have  usually  omitted  to  take. 

The  underlying  principle  in  zygotene  and  pachytene  association 
is  therefore  incontestable  :  an  attraction  between  all  homologous 
parts  of  threads  in  pairs.  When  we  turn  to  the  later  stages  of  the 
prophase  of  meiosis  we  find  that  the  same  principle  continues  to 
apply  in  a  system  where  the  units  have  a  different  value.  Instead 
of  the  single  threads  being  chromosomes  they  are  the  chromatids 
produced  by  the  division  of  the  chromosomes  at  the  end  of  the 
pachytene  stage.  Association  between  chromosomes  continues  by 
virtue  of  the  changes  of  partner  at  chiasmata  amongst  the  pairs  of 
associated  chromatids.    This  is  shown  by  the  failure  of  pairing 
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after  pachytene  of  chromosomes  that  have  been  paired  at  pachytene 
wherever  crossing-over  and  chiasma-formation  have  failed.  This 
happens  in  short  chromosomes  produced  by  fragmentation  (Ch.  V), 
in  the  odd  chromosomes  of  triploids,  and  through  partial  failure  of 
pachytene  pairing  in  autotetraploids  (Ch.  IV).  It  happens  through 
abnormal  genotypes  reducing  the  precocity  of  prophase  (Ch.  X)  and 
through  exceptional  physiological  conditions.  The  chiasmata  which 
hold  the  chromosomes  together  are  interstitial  at  first.  They 
becomes  terminal  by  movement.  The  evidence  that  terminal  chias- 
mata correspond  in  structure,  in  development  and  in  function  to  the 
interstitial  chiasmata  from  which  they  are  derived  may  be  sum- 
marised as  follows  : — 

1.  The  terminal  connection  between  pairs  of  chromosomes  can 
always  be  seen  to  be  double  in  favourable  material,  i.e.,  to  be  a 
connection  between  pairs  of  chromatids  not  associated  proximally. 
It  is  therefore  a  change  of  partner  amongst  chromatids  (Tulipa, 
Newton  and  D.,  1929  ;  Tradescantia,  D.,  1929  c  ;  Primus,  D.,  1930  a  ; 
Primula,  D.,  1931  a  ;  (Enothera,  D.,  1931  d,  Catcheside,  1931  : 
Pyrus,  D.  and  Moffett,  1930). 

2.  The  joint  terminal  connection  between  three  and  four 
chromosomes  (triple  and  quadruple  chiasma)  can  be  seen  similarly 
to  be  a  change  of  partner  amongst  chromatids.  The  chromosomes 
are  not  associated  as  such,  but  by  the  property  of  pairing  (and 
changing  partner)  possessed  by  their  chromatids.  By  virtue  of 
this,  one  chromosome  is  never  directly  connected  at  the  ends  with 
more  than  two  others  (D.,  1929  c,  1931  a  ;  Meurman,  1929  a). 

3.  Where  the  association  between  one  pair  of  chromatids  fails, 
the  "  imperfect  chiasma  "  resulting  gives  less  resistance  to  anaphase 
separation  (D.,  1929  c)  and  in  a  quadrivalent  with  a  quadruple 
chiasma  gives  rise  to  a  special  type  of  configuration  where  the 
chromosomes  are  arranged  in  a  line  instead  of  in  the  cross  (Fig.  42, 
IV,  c  and  d). 

4.  The  movement  towards  the  end  may  be  shown  by  comparing 
the  frequencies  of  chiasmata  in  difterent  parts  of  the  paired  chromo- 
somes at  different  stages  {Phrynotettix,  Primula,  Matthiola,  Rosa). 
They  are  more  frequent  near  the  ends  at  the  later  stages. 

5.  At   metaphase,    interstitial   chiasmata   may   be   occasionally 
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found  instead  of  terminal  associations  in  organisms  with  nonnally 
complete  terminalisation  (CEnothera,  Primula,  Campanula). 

6.  The  frequency  of  terminal  metaphase  associations  of  fragments 
is  in  proportion  to  the  frequency  of  interstitial  chiasmata  found  in 
large  chromosomes,  where  the  fragments  therefore  must  usually 
develop  one  chiasma  [Fritillaria  imperialis). 

7.  Further,  these  fragments  are  associated  at  only  one  end,  as 
they  should  be,  having  only  one  chiasma  formed,  although  the 
larger  chromosomes  are  associated  at  both  ends,  having  several 
chiasmata  formed  (Tradescantia,  Datura,  Blakeslee,  1931). 

8.  The  terminal  association  of  tetraploids  and  triploids  does  not 
consist  in  union  of  all  homologous  ends,  but  in  a  random  assortment 
of  possible  associations  of  such  homologous  ends  in  every  possible 
combination  such  as  would  be  determined  by  chiasmata  from 
randomly  paired  threads,  as  observed  in  a  polyploid  at  zygotene 
(Hyacinthus  and  Tulipa),  diplotene  [Primula,  Campanula)  and 
metaphase  [Datura). 

9.  Evidence  from  polyploids  which  agrees  with  the  assumption  that 
all  chromosome  association  at  meiosis  is  by  chiasmata,  necessarily 
implies  that  a  terminal  association  is  a  chiasma.  This  evidence  is 
the  degree  of,  and  variation  in,  the  frequency  of  multivalent 
association  of  chromosomes  (sometimes  of  different  lengths)  in 
triploids  and  tetraploids  already  described  [Hyacinthus,  Lilium 
tigrinum,  Primula  sinensis). 

10.  Similarly,  the  association  of  chromosomes  in  hybrids  whether 
terminal  or  interstitial  agrees  in  its  frequency  and  in  its  variation 
between  different  nuclei  of  the  same  individual  and  between  the 
nuclei  of  different  individuals,  as  is  expected  from  the  conditions, 
frequency  and  variation  of  chiasma  formation  [Triticum,  Crepis, 
etc.,  cf.  Mather,  1935  b). 

These  considerations,  as  we  have  seen,  are  of  primary  importance 
in  interpreting  chromosome  behaviour  at  meiosis.  Chiasmata  are  a 
condition  of  metaphase  pairing,  and  the  understanding  of  their 
structural  properties  is  a  condition  of  understanding  how  this 
pairing  comes  about.  They  are  also,  as  we  have  seen,  of  importance 
in  interpreting  meiosis  itself.  They  show  that  specific  attraction 
operates  only  between  pairs  of  particles  at  all  stages  of  meiosis. 
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The  associations  found  at  meiosis  therefore  require  no  assumption 
of  forces  of  attraction  that  is  not  already  justified  by  the  study  of 
mitosis. 

We  are  not  concerned  here  with  the  precocity  theory  of  meiosis 
which  is  derived  from  this  principle.  We  must  consider  how  the 
specific  attraction  inferred  is  related  to  chromosome  movements 
under  special  conditions  and  in  exceptional  organisms.  When  the 
chromosomes  are  brought  close  together  at  metaphase  and  anaphase 
of  mitotic  and  meiotic  divisions  they  show  a  secondary  attraction 
(Ch.  VI).  This  attraction  is  residual  with  respect  to  the  primary 
attraction,  and  like  it  shows  itself  between  similar  parts  of  chromo- 
somes. It  is,  as  a  rule,  very  slight,  so  that  it  only  slightly  affects 
the  equilibrium  position  of  the  chromosomes  on  the  metaphase 
plate.  A  number  of  variable  conditions  affect  its  expression.  It 
shows  itself  more  readily  at  meiosis  than  at  mitosis  because  the 
chromosomes  are  then  shorter  and  can  move  with  less  resistance. 
It  shows  itself  more  readily  between  smaller  chromosomes,  whether 
in  organisms  like  most  Dicotyledons,  in  which  they  are  all  small,  or 
in  the  smaller  members  of  a  set.  Thus  fragment  chromosomes 
reduplicated  in  large  numbers  usually  lie  in  groups.  On  the  other 
hand,  it  is  genotypically  and  environmentally  controlled.  Its 
expression  must  depend  upon  the  substrate.  Thus  pears  show  this 
association  less  than  apples,  although  the  relationships  must  be  the 
same  (Moffett,  1934).  The  chromosomes  of  the  Diptera,  on  the 
other  hand,  have  such  a  high  residual  attraction  that  it  shows  even 
in  the  prophase  at  mitosis  where,  according  to  the  illustrations  (Metz, 
1916  ;  Moffett,  1936)  it  is  enough  to  permit  the  development  of 
relational  coiling.  Probably  the  rare  crossing-over  in  the  male 
Drosophila  occurs  at  somatic  mitoses  and  is  conditioned  by  this 
relational  coiling  (cf.  Sect.  4). 

At  meiosis  in  the  male  this  highly-developed  residual  attraction 
expresses  itself  in  an  entirely  new  type  of  segregation  mechanism 
(Ch.  IX)  and  at  the  permanent  prophase  of  the  salivary  glands  in  a 
new  type  of  chromosome  relationship  (Ch.  VI).  In  meiosis  the 
equilibrium  position,  with  the  four  chromatids  of  the  bivalent 
almost  equally  spaced,  shows  that  the  primary  and  residual  attrac- 
tions are  almost  equal  and  the  distinction  between  them  has  there- 
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fore  almost  entirely  lapsed.  The  contrary  change  may  occur  in  the 
complete  lapse  of  the  residual  attraction  :  this  is  probably,  as  we 
saw  earlier,  a  corollary  of  a  reduction  in  the  primary  attraction. 
The  B  chromosomes  of  Zea  Mays,  which  are  inert  and  over-con- 
densed at  metaphase,  show  by  their  frequent  torsion  pairing  a 
reduced  primary  attraction  and  by  their  complete  absence  of  juxta- 
position at  mitosis  (Fig.  102)  a  reduced  secondary  attraction. 

The  association  of  centromeres  in  pachytene  cells  does  not  allow 
us  to  infer  their  own  particular  mechanical  properties  at  this 
stage.  It  is  clear,  of  course,  that  the  centromere  is  not  exerting 
the  repulsion  shown  in  anaphase  movement  and  terminalisation 
[q.v.).  But  we  cannot  say  whether  it  exerts  an  attraction  on  other 
centromeres  in  the  pachytene  nuclei  because  chromomeres  adjoining 
i+  may  be  responsible  for  the  fusion  or  pairing  that  it  undergoes. 
This  does  not  apply  to  the  polytene  nuclei  wt  ere  all  the  centromeres 
fuse,  or  to  diakinesis  in  male  Drosophila,  for  the  sudden  change 
that  takes  place  between  diakinesis  and  metaphase  leaves  no  doubt 
that  here  an  attraction  has  been  followed  by  a  repulsion. 

There  is,  moreover,  some  evidence  in  Agapanthus  and  Staurodenis 
that  at  the  pachytene  stage  an  attraction  exists  between  the 
centromeres  of  non-homologous  chromosomes.  This  does  not 
mean  that  the  attraction  is  non-specific  but  rather  that  all  centro- 
meres are  homologous,  i.e.,  their  common  forms  and  functions  are 
inherited  from  a  common  progenitor,  a  single  ancestral  centromere 
(D.,  1935,  h  and  g). 

These  special  properties  express  three  important  principles  of 
chromosome  mechanics.  First,  the  anomalies  of  specific  attraction 
at  meiosis  and  in  the  permanent  prophase  oi  Drosophila  are  associated 
with  other  anomalies  of  movement.  At  diakinesis  the  centromeres 
of  paired  chromosomes,  and  in  the  permanent  prophase  the  centro- 
meres of  all  the  chromosomes,  are  closely  associated  instead  of 
repelling  one  another  as  the  centromeres  do  at  these  stages  in  normal 
circumstances.  This  correlation  of  behaviour  in  different  cells 
shows  the  importance  of  a  substrate  effect  in  chromosome  movements. 
It  shows  that  the  attractions  of  chromomeres  and  centromeres  are 
conditioned  by  a  common  substrate  and  therefore,  like  other  pro- 
perties of  the  chromosomes,  subject  to  physiological  control. 
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Secondly,  the  expression  of  specific  attraction  seems  to  depend  on 
the  conditions  of  spiraUsation  in  the  chromosome  threads.  While  on 
the  one  hand  the  molecular  spiral  may  cause  association  in  the  absence 
of  attraction  by  torsion  pairing,  on  the  other  hand  two  separately 
spiralised  threads  show  less  attraction  than  two  unspiralised  threads. 
While  the  sudden  lapse  of  attraction  between  homologous  chromatids 
at  first  anaphase  must  be  due  to  a  change  in  the  substrate,  the 
absence  of  attraction  between  second  prophase  chromatids  as 
compared  with  that  shown  at  all  other  prophases  seems  more  likely 
to  be  due  to  the  spiralised  threads  having  an  attraction  sufficient 
to  maintain  an  association  established  at  an  unspiralised  stage  but 
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Fig,  139. — Equilibrium  positions  of  the  chromatids  determined 
by  different  relative  strengths  of  primary  attraction  and  surface 
repulsion,  (i)  Meiotic  bivalent,  (2)  mitotic  chromosomes, 
(3)  trabants,  (4)  acentric  chromatids. 

not  sufficient  to  establish  a  new  association  in  the  face  of  the  repul- 
sion existing  between  all  threads.  The  strength  of  the  specffic 
attraction  between  two  spiralised  threads  that  are  jointly  coiled  is 
shown  by  the  arrest  of  terminalisation,  owing  to  change  of  homology, 
that  will  be  described  later. 

Thirdly,  the  special  properties  of  one  chromosome  (with  differen- 
tial condensation)  as  contrasted  with  the  rest  shows  that  these 
differences  of  behaviour  are  also  conditioned  directly  by  material 
differences  within  the  chromosome. 

Another  source  of  misunderstanding  lies  in  the  distinction  that 
may  be  drawn  between  the  primary  and  residual  attractions 
inasmuch  as  the  second  merely  modify  an  equilibriimi  position 
determined  by  repulsion  while  the  first  seem  to  result  in  "  contact." 
But  the  appearance  of  contact  is  not  to  be  naively  interpreted 
on  a  macroscopic  analogy.    It  is  itself  always  a  position  of  equili- 
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brium  between  attractions  and  repulsions.  This  is  seen  most 
clearly  where  two  chromatids  are  paired  at  the  first  meiotic  meta- 
phase  for  a  very  short  distance  between  two  interstitial  chiasmata 
(D.,  1936  d).  A  gap  may  then  be  seen  between  them  just  as  between 
the  sister  chromatids  in  Drosophila.  The  attraction  is  never,  as  on 
chemical  analogy  it  never  can  be,  absolute  in  its  effect.  It  is  always 
in  equilibrium  with  the  repulsions  (which  will  be  considered  later) 
and  whereas  the  repulsions  should  be  a  function  of  area,  the  attrac- 
tion should  be  a  function  of  volume.  Smaller  attracting  parts  will 
therefore  lie  further  apart.  Similarly,  at  particular  stages,  subject 
to  particular  substrate  conditions  the  distinction  between  primary 
and  secondary  attractions  may  seem  to  lapse.  The  distinction  is 
quantitative  in  cause,  but  it  is,  as  we  shall  see,  qualitative  in  effect 
under  the  conditions  governing  metaphase  and  anaphase  movement 
in  all  organisms. 

{b)  N on-Specific  Attractions.  The  only  type  of  association  between 
non-homologous  parts  of  chromosomes  in  the  nucleus  consists  of 
the  association  of  ends.  This  is  found  in  the  prophase  of  meiosis 
in  two  ways.  First,  there  is  the  special  type  of  association  found  in 
the  Coccidae  (F.  and  S.  H.  Schrader,  1923-32).  This  is  perhaps 
analogous  to  the  formation  of  a  continuous  thread  in  the  prophase 
of  meiosis  in  I  eery  a  and  in  haploid  Triticum  monococum.  Its 
causation  is  unknown.  Secondly,  there  is  the  special  type  of 
arrangement  of  chromosomes  at  the  zygotene  stage  described  as 
polarisation.  The  chromosomes  come  to  lie  during  leptotene  with 
one  or  both  ends  turned  towards  a  particular  part  of  the  surface  of 
the  nucleus.  In  some  species  this  movement  has  nothing  to  do  with 
the  centromere.  Thus  it  applies  equally  in  Chorthippus  to  chromo- 
somes with  the  centromere  near  the  middle  or  the  ends.  In  other 
species,  the  centromere  ends  of  the  chromosomes  alone  are  polarised 
(Mecostethus,  Phrynotettix) .  Two  or  even  three  centres  of  polarisa- 
tion may  occur  in  Chorthippus,  one  of  them  being  the  X  chromosome 
which  attracts  certain  other  chromosomes  specifically.  It  therefore 
seems  that  the  attraction  is  between  the  chromosomes  themselves 
rather  than  for  something  non-specific  outside  the  chromosomes 
such  as  the  centrosome,  as  Janssens  (1924)  and  others  have  supposed 
(D.,1936^), 
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The  nature  of  this  attraction  is  indicated,  as  we  saw  earlier 
(Ch.  VIII),  by  the  differential  condensation  of  the  parts  of  chromo- 
somes concerned.  It  seems  to  be  an  attraction  between  nucleolar 
materials  such  as  leads  to  the  fusion  of  nucleoli  at  any  stage  in  the 
life  of  the  nucleus.  It  has  nothing  to  do  with  the  specific  attraction 
of  genes  and  chromomeres. 

(c)  Reproduction.  We  have  seen  earlier  from  direct  observation 
that  the  chromosomes  are  undivided  at  the  earliest  prophase  of 
meiosis  and  divided  throughout  the  prophase  of  mitosis.  The 
chromosomes  must  therefore  divide  during  the  resting  stage  in 
mitosis,  while  in  meiosis  the  prophase  must  be  supposed  to  anticipate 
this  division.  This  conclusion  is  borne  out  by  the  evidence  of 
abnormal  precocious  prophases  in  polymitotic  and  variable  sterile 
maize  (Beadle,  1932,  1933),  where  the  chromosomes  are  still  un- 
divided as  in  meiosis.  It  has  been  confirmed  by  the  results  of  X-ray 
analysis  in  showing  that  the  genes  and  the  thread  divide  at  a 
particular  period  of  the  resting  stage  between  meiosis  and  the 
following  mitosis  (Ch.  X).  The  evidence  of  X-ray  effects  on  the 
smallest  visible  objects  must  always  have  a  higher  validity  than 
that  of  visible  or  ultra-violet  light  on  account  of  the  shorter  wave- 
length, and  it  seems  that  these  results  must  overbear  any  contra- 
diction from  direct  observation.  It  is  therefore  unnecessary  to 
account  for  the  many  records  of  a  spUt  in  the  metaphase  and 
anaphase  chromatids  that  have  appeared  in  the  past  (Nebel,  1932  ; 
Huskins  and  Smith,  1935,  cf.  Lorbeer,  1934,  for  list).  Comparison, 
in  fact,  shows  that  these  records  are  internally  as  well  as  mutually 
inconsistent.  The  divided  "  leptotene  "  chromosomes  have  not 
been  shown  to  pair.  The  supposed  cleavages  in  the  anaphase 
chromatids  have  cut  across  either  the  major  spiral  or  the  minor 
spiral,  of  whose  existence  the  observers  have  been  unaware.  Those 
observations  which  have  taken  account  of  the  internal  structure  have 
failed  to  reveal  any  split  before  the  resting  stage  (Geitler,  1935  ; 
D.,  1935  a).  There  are,  however,  two  exceptions,  observations  made 
with  a  knowledge  of  structure,  which  suggest  a  split  in  the  second 
anaphase  chromatids  in  Tradescantia  (Kuwada  and  Nakamura, 
1935  ;  Sax,  1935).  They  depend,  however,  on  the  detection  of 
longitudinal  doubleness  in  cylinders  of  less  than  one-half  the  wave- 
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length  of  the  hght  used.  Experiments  with  infra-red  Hght  (Hruby, 
1935)  show  that  incorrect  illumination  or  the  use  of  light  of  a 
wave-length  having  a  certain  proportion  to  the  diameter  of  the 
cylinder  observed,  may  produce  this  result.  This  explanation 
seems  to  be  all  the  more  inevitable  since  the  material  and  the  stage 
are  the  very  ones  in  which  the  chromosomes  were  tested  by  X-ray 
treatments  and  shown  to  be  single. 

The  question  now  arises  as  to  how  the  chromosomes  "  divide." 
The  knowledge  that  primary  attraction  exists  only  between  pairs 
of  chromomeres  at  once  suggests  an  analogy  with  the  property  of 
chromomeres  reproducing  only  to  give  pairs.  In  reproduction  a  new 
chromomere  or  gene  identical  with  the  parental  chromomere  or 
gene  is  laid  down  beside  it.  This,  at  least,  is  the  description  necessary 
if  we  look  upon  the  structures  as  having  an  organisation  that  is 
characteristic  and  unchanging  like  that  of  a  molecule  which  retains 
characteristic  and  unchanging  chemical  properties.  We  may  say, 
therefore,  that  the  new  particle  that  is  laid  down  is  attracted  by  the 
old  one  from  the  substrate.  And  the  possibility  of  this  attraction 
taking  effect  must  depend  on  two  general  conditions  :  the  degree 
to  which  the  attractions  of  the  particles  are  already  satisfied,  and 
the  concentration  of  suitable  materials  in  the  substrate.  A  test 
of  this  view  is  provided  by  the  behaviour  of  unpaired  threads  in 
pachytene  nuclei  as  compared  with  that  of  paired  threads.  They 
divide  earlier  both  in  triploids  and  in  organisms  with  incomplete 
pachytene  pairing  (D.  1935  h).  Evidently,  therefore,  when  the 
primary  attraction  is  unsatisfied  the  concentration  of  substrate 
necessary  for  reproduction  is  reached  earlier  and  presumably  at  a 
lower  level  than  when  this  attraction  is  satisfied.  Further  evidence 
of  a  relationship  between  attraction  and  reproduction  is  shown  by 
the  salivary  gland  nuclei.  An  unlimited  reproduction  is  associated 
with  an  unlimited  attraction. 

The  question  that  next  arises  is  as  to  whether  the  chromosome 
thread  divides  into  two  equivalent  daughter-threads  or  as  we  have 
supposed  gives  a  daughter-thread  distinct  in  its  properties  from  a 
parent  thread.  This  question  is  answered  by  the  observations  of 
ring  chromosomes  (Ch.  III).  Such  chromosomes  divide  so  that 
either  two  free  rings  or  two  interlocked  rings  are  formed.     In  the 
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first  case  the  threads  have  run  parallel,  in  the  second  they  have 
made  a  complete  revolution  round  one  another.  In  both  cases 
they  are  distinct.  A  single  continuous  dicentric  ring  formed  by 
their  making  half  a  revolution  does  not  apparently  arise.  We  are 
driven  to  conclude  that  there  is  an  absolute  distinction  between  a 
parent  and  a  daughter-thread  in  the  reproduction  of  the  chromo- 
some. 

(ii)  Simple  Repulsions  in  the  Nucleus,  {a)  Between  Chromosomes 
and  Configurations.  During  the  prophase  of  mitosis  and  meiosis 
the  chromosomes  are  limited  in  their  movements  by  the  nucleo- 
cytoplasmic  surface.  When  the  enclosed  space  is  small,  as  it 
usually  is,  the  separate  chromosomes  or  configurations  arrange 
themselves  equally  so  far  as  their  internal  movements  and  occa- 
sional interlocking  permit.  Such  an  evenness  of  distribution  at 
mitosis  led  Lillie  (1903,  cf.  1905)  to  suppose  that  they  bore  a  surface 
charge  and  therefore  repelled  one  another  {cf.  Hardy,  1911).  This 
conclusion  is  supported  at  once  by  the  arrangements  found  in  the 
large  prophase  nuclei  of  egg-cells  and  embryo-sac  mother-cells. 
Here  an  even  distribution  is  no  longer  attained.  The  chromosomes 
are  further  apart  than  in  corresponding  small  nuclei,  but  they  are 
by  no  means  equally  distributed  {cf.  Gustafsson,  1935).  Evidently 
the  distances  are  too  great  for  the  repulsions  to  be  effective.  More 
critical  evidence  of  the  effect  of  surface  charge,  however,  is  provided 
by  the  movements  occurring  within  configurations  during  the 
prophase  of  meiosis. 

{b)  Within  Configurations  :  Terminalisation.  The  configurations 
of  bivalent  chromosomes  found  at  diplotene  present  us  with  the 
largest  field  for  accurate  comparison  of  quantitative  data  in  cytology. 
The  configurations  make  up  an  isolated  and  protected  system 
within  the  nuclear  membrane.  They  vary  in  numbers  of  chiasmata 
that  can  be  counted,  in  sizes  of  chromosomes  that  can  be  measured ; 
they  occur  in  nuclei  of  all  sizes,  in  both  sexes  and  in  all  organisms 
from  Amoeba  to  man.  The  observation  of  systems  at  this  stage 
therefore  constitutes  a  natural  experiment  in  cell  physiology  capable 
of  establishing  the  principles  governing  the  external  mechanics  of 
the  chromosomes  under  the  simplest  and  most  readily  comparable 
conditions. 
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The  configurations  observed  depend  for  their  form,  as  we  have 
seen,  on  the  positions  and  numbers  of  their  chiasmata.  The  forms 
of  the  chiasmata  themselves  depend  on  their  positions.  They 
may  be  classified  in  the  first  place  according  to  whether  they  are 
interstitial  or  terminal.  An  interstitial  chiasma  is  always  of  one 
kind.  The  only  conceivable  complication  of  this  form  is  that 
where  two  such  chiasmata  involving  the  six  chromatids  of  three 
chromosomes  might  coincide.  This  has  not  been  observed.  The 
terminal  chiasma,  on  the  other  hand,  has  various  complications. 
Several  such  chiasmata  may  coincide,  and  we  then. have  a  multiple 
chiasma.     Again  a  chiasma  which  is  terminal  for  one  chromosome 
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Fig.  140. — Diagram  of  chromatids  showing  different  types  of  chiasma 
observed  at  metaphase  and  early  stages.  A,  interstitial  chiasma. 
B,  terminal  chiasma.  C,  triple  (terminal)  chiasma.  D,  quad- 
ruple chiasma.  E,  imperfect  terminal  chiasma.  F,  imperfect 
lateral  chiasma  (asymmetrical  type — for  symmetrical  cf. 
Fig.  86,  Ci).  G,  lateral-terminal  chiasma,  one  chromosome 
having  a  reduplicated  segment.    (From  D.,  1931  c.) 


may  be  interstitial  for  its  partner,  with  a  part  of  which  it  is 
homologous,  and  then  we  have  a  lateral  chiasma.  Lateral  chiasmata 
are  of  two  kinds  :  those  which  must  be  supposed  to  arise  from 
terminalisation  of  a  single  chiasma  (i.e.,  a  single  cross-over  on  the 
chiasmatype  hypothesis)  or  several  non-compensating  chiasmata, 
and  those  which  must  be  supposed  to  arise  from  two  reciprocal 
chiasmata.  The  first  gives  a  symmetrical  configuration,  the  second 
an  asymmetrical  one.  Multiple  combinations  of  chiasmata,  arising 
presumably  through  pairing  of  reduplicated  segments  in  the  same 
chromosome,  may  include  lateral  chiasmata. 

When  terminalisation  is  complete,  every  chromosome  end  that 
is  associated  by  a  chiasma  with  another  end  remains  so  associated 
through  diakinesis  and  metaphase  until  anaphase,  so  that  the  same 
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proportion  of  ends  of  chromosomes  is  found  associated  at  metaphase 
by  terminal  chiasmata  in  any  organism  as  there  were  arms  earher 
associated  by  interstitial  chiasmata.  One  change  only  may  take 
place,  and  this  in  special  circumstances,  the  breakage  of  the 
attachment  between  one  pair  of  chromatids.  Where  four 
chromosomes  are  associated  by  a  quadruple  chiasma  the  fusion  of 
chiasmata  necessary  for  its  formation  may  break  one  of  the  four 
chromatid  associations,  so  that  the  cross-quadrivalent  becomes  a 
special  kind  of  chain-quadrivalent  (Fig.  42,  IV,  c).  This  gives  an 
imperfect  chiasma  (D.,  1929  c). 

Chiasmata  are  first  seen  through  the  opening  of  loops  separating 
pairs  of  chromatids  at  diplotene.  Their  position  cannot  be  accu- 
rately recorded  at  the  very  moment  of  origin,  but  nevertheless  when 
the  records  of  the  earliest  stages  are  compared  with  those  of  diaki- 
nesis  and  metaphase  it  is  usually  found  that  they  have  changed  in 
position.  The  change  has  not  been  observed  directly  in  living 
nuclei,  but  it  is  inferred  from  a  comparison  of  records  at  the  two 
stages  in  fixed  preparations  which  show  great  constancy  in  its 
character.  This  comparison  reveals  the  conditions  summarised 
earlier  (Ch.  IV)  for  the  purpose  of  understanding  the  form  of  the 
metaphase  bivalents,  namely,  the  occurrence  of  a  range  of  types  of 
behaviour  from  those  in  which  the  change  is  scarcely  detectable  to 
those  in  which  the  form  of  the  bivalent  is  entirely  altered  owing  to 
complete  terminalisation  of  chiasmata.  The  proportion  of  the  total 
chiasmata  that  are  terminal  in  any  given  type  of  chromosome  or 
at  any  given  stage  is  conveniently  used  as  a  terminalisation  coefficient 
(D.,  1931  d).  These  different  kinds  of  behaviour  now  call  for  exact 
analysis  to  show  the  changes  in  number  and  position  of  chiasmata, 
i.e.,  in  the  association  of  the  chromatids,  for  several  reasons. 
Observations  of  meiosis  are  usually  confined  to  metaphase.  An 
exact  understanding  of  the  kinds  of  change  in  bivalent  structure 
which  lead  up  to  metaphase  is  necessary  in  interpreting  these 
observations.  Such  an  analysis  is  also  necessary  in  deciding  what 
forces  hold  the  paired  chromosomes  together  during  and  after  the 
observed  changes  in  their  relationship,  and  what  forces  determine 
these  changes.  Further,  the  changes  in  number  and  position  of 
chiasmata  during  prophase  had  to  be  followed  in  order  to  know 
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whether  there  was  any  possibility  of  exchanges  in  linear  connection 
amongst  the  threads  such  as  might  determine  genetic  crossing-over 
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Fig.  141.— Diagram  showing  different  types  of  terminalisation. 

a,  b,  c  :  Fritillaria  type  with  slight  change  of  position  and 
little  or  no  reduction  in  number  of  chiasmata  through  fusion. 
d,  e,  f  :  Campanula  type  in  which  the  movement  is  completed 
and  results  in  terminalisation  of  all  chiasmata.  Tulipa,  Lilium 
and  Rosa  are  intermediate  between  the  two.  b  shows  that  the 
same  amount  of  movement  as  gives  little  change  of  appearance  in 
the  large  chromosomes,  in  a  fragment  (of  Fritillaria  irnperialis) 
gives  complete  terminalisation.  c^  a  characteristic  bivalent  in  F. 
Meleagris  with  localised  chiasmata,  shows  that  movement 
occurs  in  a  distal  chiasma  although  scarcely  evident  in  the  proxi- 
mal one.  e,  f,  show  alternative  behaviour  to  d  where  chiasmata 
are  formed  only  on  one  side  of  the  centromere,  but  con- 
ditions are  otherwise  the  same.  This  explains  the  origin  of  the 
two  types  of  bivalent  form  in  "  type  C  "  in  Phrynotettix  (Wenrich, 
1916,  cf.  Fig.  86),  and  "  type  7  "  in  Circotettix  (Helwig,  1929). 

(Ch.  VII).  With  the  same  end  in  view  a  record  of  the  development 
of  chiasmata  was  necessary  in  order  that  their  number  and  position 
at  the  moment  of  origin  (before  they  can  be  recorded)  might  be 
inferred.    Finally,  a  comparison  of  analysis  of  hybrids  with  that  of 
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pure  forms  must  throw  light  on  the  differences  between  chromo- 
somes which  constitute  hybridity  and  would  show  the  principles  on 
which  unsupported  metaphase  observations  of  hybrids  should  be 
interpreted.    These  expectations  have  now  been  fulfilled. 

Chiasmata  must  be  supposed  to  arise  interstitially,  as  exchanges 
of  partner  amongst  chromatids,  on  four  grounds  :  (i)  a  strictly 
terminal  origin  excludes  the  possibility  that  chiasmata  arise  always 
as  exchanges  of  partner,  and  demands  therefore  a  dual  explanation 
of  their  origin  ;  (ii)  a  terminal  origin  is  incompatible  with  the 
chiasmatype  theory,  which  supposes  that  chiasmata  arise  through 
crossing-over,  and  therefore  interstitially  ;  (iii)  terminal  chiasmata 
are  found  at  late  diplotene  more  frequently  in  small  chromosomes 
(e.g.,  fragments  in  Fritillaria  imperialis)  than  in  large  ones  in  the 
same  nucleus,  and  while  it  is  intelligible  that  the  conditions  of 
terminalisation  are  different  in  small  chromosomes  it  is  contrary 
to  observations  of  frequency  to  suppose  that  the  conditions  of 
origin  are  different  (Ch.  V)  ;  (iv)  the  terminalisation  coefficient 
of  bivalents  having  different  numbers  of  chiasmata  at  diplotene  in 
Tulipa  shows  differences  such  as  are  accentuated  later  in  the  course 
of  development,  and  may  therefore  be  attributed  to  terminalisation 
(v.  Fig.  142).  Furthermore,  the  terminalisation  coefficient  is  higher 
at  the  earliest  recordable  stage  in  organisms  with  complete 
terminalisation  like  Campanula  than  in  those  with  slight 
terminalisation  like  Tulipa. 

Where  several  chiasmata  are  concerned  the  process  has  been 
most  clearly  shown  in  Campanula  (D.  and  Gairdner,  1931)  where 
terminalisation  is  complete,  in  Tulipa  (D.  and  Janaki-Ammal,  1932), 
Stenobothrus  (D.  and  Dark,  1932),  Zea  (D.  ig:i4),  Spironema  (Richard- 
son, 1934),  Culex  (Moffett,  1936)  and  Melanoplus  (Heame  and 
Huskins,  1935)  where  it  is  incomplete.  The  observations  show  the 
following  rules  of  behaviour  : — 

(a)  The  movement  is  a  movement  away  from  the  centromere 
because  when  terminalisation  is  complete  a  proportion  of  meta- 
phase chromosomes  are  rod-shaped  having  a  terminal  chiasma 
at  one  end,  the  rest  ring-shaped  having  terminal  chiasmata  at 
both  ends.  The  first  type  arises  from  diplotene  bivalents  with 
chiasmata  all  on  one  side  of  the  centromere.     The  second  type 
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arises  from  those  having  chiasmata  on  both  sides.  Metaphase 
configurations  of  chromosomes  with  unequal  arms  agree  with  this 
assumption. 

This  conclusion  is  favoured  by  the  behaviour  found  in  many 
organisms,  especially  those  with  small  chromosomes.     The  paired 
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Fig.  142. — Percentage  frequency  polygons  of  numbers  of  chiasmata 
(abscissae)  in  bivalents  of  Rosa  "  Orleans  "  at  late  diplotene, 
early  diakinesis,  late  diakinesis,  and  metaphase  of  the  first 
division  in  pollen  mother-cells.      (From  Erlanson,  1931  c.) 


chromosomes  repel  one  another  at  diakinesis  to  such  an  extent  that 
all  the  chromosomes,  paired  and  unpaired,  appear  to  be  distributed 
evenly  in  the  nucleus.  Where  interstitial  chiasmata  are  still  present 
(as  in  Prunus)  it  is  then  found  that  the  repulsion  is  effectively 
between  the  centromeres  and  the  parts  of  the  chromosomes  between 
these  and  the  first  chiasma  are  therefore  drawn  out  into  a  fine 
thread  while  the  other  parts  show  no  tension. 
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{b)  All  the  chiasmata,  both  near  the  centromere  and  further 
away,  move  at  the  same  time  towards  the  ends.  The  nearer  ones 
do  not  catch  up  and  meet  the  further  ones.  Thus  the  first  change 
observed  in  terminalisation  is  that  the  distal  chiasmata  become 
terminal — without  any  reduction  in  the  total  number  through  a  y^ 
fusion  taking  place  (e.g.,  in  Fritillaria,  Tidipa,  Stenobothrus) . 
Moreover,  if  the  proximal  chiasmata  caught  up  the  distal  ones  they 
would  in  a  proportion  of  cases  cancel  one  another  out,  for  the 
changes  of  partner  at  adjacent  chiasmata  can  often  be  seen  at 
anaphase  to  be  reciprocal.  The  movement  is  not,  therefore,  merely 
an  opening  out  of  the  proximal  or  centric  loop  at  the  expense 
of  the  distal  loops,  but  a  simultaneous  movement  of  all  chiasmata 
towards  the  ends  and  leading  to  fusion  only  at  the  ends. 

(c)  In  Fritillaria  and  Stenobothrus  there  are  long  chromosomes 
with  several  chiasmata  having  incomplete  terminalisation  and  very 
short  ones  with  single  chiasmata  having  complete  terminalisation. 
In  neither  is  there  any  reduction  in  the  total  number  of  chiasmata. 
There  is  merely  a  change  in  the  distribution,  the  interstitial  chias- 
mata nearest  to  the  ends  becoming  terminal.  In  Campanula,  where 
several  chiasmata  are  completely  terminalised,  they  all  move 
towards  the  ends  before  they  fuse.  They  must  therefore  fuse  at  the 
ends.  Where  there  are  two  interstitial  chiasmata  fusing  with  one 
terminal  one  they  presumably  do  so  simultaneously,  since  in  the 
intermediate  stages  the  diminishing  distal  loops  are  always  of  the 
same  size  in  any  one  arm. 

We  now  have  information  which  shows  in  a  general  way  the 
changes  that  may  take  place  in  the  course  of  terminalisation. 
Numerous  conditions  have  been  found  to  influence  these  changes 
in  each  paired  arm  of  a  bivalent,  of  which  the  following  are  the 
chief  : — 

[a)  Length  of  the  arm. 

(6)  Original  frequency  and  distribution  of  chiasmata. 

(c)  Agreement  in  the  homologous  linear  sequence  of  the  pair. 

(d)  Rate  of  movement  of  the  chiasmata. 

(a)  Length  of  the  Arm.  In  Nicandra  (Janaki-Ammal,  1932) 
terminaHsation  is  complete  in  the  shortest  chromosome  pair  at  late 
diplotene,  and  in  the  other  short  pairs  at  diakinesis,  while  in  the 
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longest  chromosomes  it  is  never  complete.  In  Fritillaria  (D., 
1930  c)  terminalisation  is  complete  in  the  small  fragments  at  late 
diplotene  although  it  never  has  any  effect  in  the  long  chromosomes, 
beyond  leading  to  the  movement  of  the  distal  interstitial  chiasmata 
to  the  ends.  This  difference  is  due  in  part  to  the  chiasmata  being 
formed  nearer  the  ends  in  short  chromosomes  and  in  part  to  their 
being  nearer  the  centromere. 

(h)  Number  of  Chiasmata.  Where  the  degree  of  terminalisation 
is  low,  as  in  Lilium  (Belling,  1931)  and  Tulipa  (D.  and  Janaki- 
Ammal,  1932),  the  number  of  chiasmata  terminal,  and  even  the 
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Fig,  143. — (Left)  Chiasma  frequency  polygon  of  Zea  Mays  where 
no  fusion  of  chiasmata  occurs.  (Right)  Terminalisation  in 
bivalents  with  different  total  numbers  of  chiasmata,  cf.  Fig.  93. 
(D.,  1934) 


proportion  terminal,  is  higher  the  greater  the  number  of  chiasmata 
in  the  bivalent  (Fig.  142).  The  Tulipa  observations  show  that 
this  is  due  to  failure  of  chiasmata  lying  in  one  arm  only  to  be  ter- 
minalised.  It  appears  therefore  that,  other  things  being  equal, 
movement  is  increased  by  the  centromere  lying  in  a  closed 
loop. 

(c)  Chromosome  Homology.  In  certain  organisms  with  more  or 
less  complete  terminalisation  interstitial  chiasmata  are  occasionally 
found,  sometimes  very  near  the  centromere.  When  these  were 
observed  in  a  known  structural  hybrid  (Tradescantia,  D.,  1929  c) 
the  explanation  suggested  was  that  terminalisation  was  arrested  by 
a  change  in  the  homology  of  the  chromosomes.  Thus,  if  two  dis- 
similar chromosomes  with  a  linear  sequence  abcdef  and  abcxyz  with 
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centromeres  at  a  form  a  chiasma  at  c,  terminalisation  will  be  impos- 
sible without  the  particles  xyz  coming  to  pair  with  the  particles  def 
and  leaving  their  identical  partners.  If  we  suppose  that  identical 
partners  exert  a  certain  attraction  on  one  another  and  that  dis- 
similar potential  partners  exert  none  [i.e.,  that  the  specificity  of 
chromosome  attraction  observed  at  zygotene  still  continues  at 
diakinesis  and  metaphase),  then  it  is  possible  that  whatever  forces 
determine  terminalisation  are  unable  to  overcome  the  resistance  to 
change  from  identical  to  non-identical  partners,  or  rather  to  no 
partner  at  all,  and  in  consequence  movement  of  the  chiasma  is 
arrested.  This  conclusion  has  been  borne  out  by  the  observation  of 
exceptional  interstitial  chiasmata  in  (Enoihera  (D.,  1931  c)  between 
parts  of  chromosomes  whose  distal  segments  were  dissimilar  and 
were  therefore,  on  this  hypothesis,  bound  to  prevent  terminalisa- 
tion (Ch.  VII). 

Table  72 
Examples  of  Arrest  of  Terminalisation  by  Change  of  Homology 

Established  cases  : 

CEnothera  biennis    .  .  .  D.,  1931  ^. 

Pisum  sativum        .         .         .  E.  R.  Sansome,  1932. 

CEnothera  blandina  ,  .  Catcheside,    1932  ;    (haploid) 

1935,  Fig.  4b  (X-rayed). 

Rosa  blanda  .  .  .  Erlanson,  1931  c. 

Possible  cases  : 

Tradescantia  virginiana  .  .  D.,  1929  c  ;  Roller,  1932  c. 

Aucuba  japonica     .  .  .  Meurman,  1929  a. 

Forficula  sp.  ...  Payne,  1914. 

Datura  hyhxiA        .         .         .  Bergner  and  Blakeslee,  1932. 

CEnothera  (triploids)         .  .  Hakansson,  1930. 

Campanula  persicifolia    .  .  Gairdner  and  D.,  1931. 

Dahlia  hybrid  (6x)  .  .  Lawrence,  1931  a. 

Cardamine  pratensis        .  .  Lawrence,  1931  d. 

Zea  Ma;jys,  haploid  gametophyte  Beadle,  1931  (cf.  Plate  X). 

Anthoxanthum  odoratum.         .  Katterman,  1931. 

Zea-Euchlmia  derivative  .  Beadle,  1932. 
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(d)  Rate  of  Movement.  The  differences  found  in  degree  of  ter- 
minalisation  in  organisms  with  chromosomes  of  similar  sizes  such  as 
Laihyrus  and  Campanula  may  be  said  to  be  immediately  due  to 
differences  in  the  rate  of  movement  relative  to  external  develop- 
ment. Such  differences  are  found  between  male  and  female  mother- 
cells  in  the  neuropteran  Macronemurus  (Naville  and  de  Beaumont, 
1933)-  They  are  also  found  between  pollen  mother-cells  of  normal 
and  male-sterile  Lathyrus  (Faberge  and  Upcott,  unpub.).     In  the 
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Fig.  144. — First  metaphase  in  normal  and  male-sterile  Lathyrus 
odoratus,  showing  correlated  difference  in  terminalisation  and 
spiralisation,  cf.  Fig.  109,    x  4,000  (Upcott,  1936). 

normal  the  chiasmata  reach  the  intermediate  equilibrium  position 
with  no  fusion  of  chiasmata.  In  the  male-sterile  terminalisation  is 
complete.  Here  it  is  possible  to  show  that  the  abnormality  is  not 
due  to  quicker  movement  but  to  slower  external  development,  for 
the  cells  do  not  reach  first  metaphase  until  the  anther  has  reached 
the  size  at  which  the  normal  plant  has  mature  pollen-grains.  Corre- 
lated with  the  greater  movement  is  a  greater  spiralisation  in  both 
cases  (Fig.  144).  Similar  changes  have  been  produced  by 
abnormal  temperatures  (Straub,  1936). 

Let  us  now  consider  the  forces  at  work.  The  shapes  of  bivalent 
chromosomes  at  all  stages  of  terminalisation  show  that  a  repulsion 
is  acting  between  all  parts  of  all  chromosomes  just  as  it  does  at  other 
stages  of  meiosis  and  mitosis. 
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Table  y^ 

The  Change  in  Chiasma  Frequency  from  Diplotene  to   Metaphase 
with  Partial  and  with  Complete  Terminalisation 


1 .  Stenohothrus  paralldits  * 
Total    number    of    chiasmata 

bivalent  .... 
Number  of  terminal  chiasmata 

bivalent  .... 
Terminalisation  coefficient 

2.  Tulipa  persica 

Total    number    of    chiasmata 
bivalent  .... 

Number  of  terminal  chiasmata 
bivalent  .... 

Terminalisation  coefficient 

3.  Rosa  "  Orleans  " 

Total    number    of    chiasmata 
bivalent  .... 

Number  of  terminal  chiasmata 
bivalent  .... 

Terminalisation  coefficient 

4.  Campanula  persicijolia 
Total    number    of    chiasmata 

bivalent  .... 
Number  of  terminal  chiasmata 

bivalent  .... 
Terminalisation  coefficient 


per 
per 

per 
per 

per 
per 

per 
per 


Mid- 
diplotene. 

Late 
Diplotene. 

Diakinesis. 

2-05 

2-07 

2-12 

0-40 
0-19 

0'55 
0-26 

0-57 
0-27 

2-13 

2-04 

2-00 

0-23 
O-II 

0-40 

0-20 

074 

0-37 

2-66 

i-8o 

1-65 

0-65  t 
0-23 

0-46 
0-25 

0-77 
0-47 

2-67 

2-29 

1-96 

I -60 
0.60 

1-70 
075 

1-93 
0-98 

Metaphase. 


2-09 

I  04 
0-50 


I '95 

0-91 
0-47 


1-53 

i-i6 
0-76 


1-90 

1-90 
i-oo 


*  Great  size  variation  among  the  chromosomes. 
t  Observations  of  position  at  this  stage  uncertain. 

Terminalisation  must  then  be  regarded  as  the  effect  of  unequal 
forces  of  repulsion  acting  between  the  pairs  of  paired  chromatids  on 
opposite  sides  of  the  chiasmata  so  that  the  association  of  the  pair 
that  repel  one  another  more  gains  at  the  expense  of  the  other  and 
the  chiasma  moves  along. 

There  are  seven  kinds  of  conditions  on  the  two  sides  of  a  chiasma, 
five  of  them  differential,  according  to  whether  the  chromosomes  are 
in  closed  loops  or  lie  free  (with  open  arms),  and  according  to  whether 
they  have  or  have  not  the  centromere  in  the  loops  or  arms.  These 
show  which  differences  are  associated  with  movement  and  may 
therefore  be  attributed  to  differential  repulsion,  as  follows  (c/. 
Fig.  145) :— 
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(i)  Closed  loops  repel  one  another  more  than  open  arms  :  for 
distal  chiasmata  move  towards  the  ends  even  though  no  other 
movement  is  detectable.  And  chiasmata  in  Tiilipa  move  away 
from  the  centromere  when  it  is  in  a  closed  loop  but  not  when  it  is  an 
open  arm  [i.e.,  when  only  single  chiasmata  are  present). 

(ii)  Loops  or  arms,  including  the  centromere,  repel  one  another 
more  than  others  :  for  the  proximal  loop  is  always  the  largest, 
where  considerable  movement  takes  place.  But  if  the  centromere 
is  in  an  open  arm  and  on  the  other  side  of  the  chiasma  is  a  closed 
loop  the  extra  repulsion  between  the  centromere  may  not  give 
equilibrium  until  the  centromeres  are  drawn  closer  by  the  chiasma 
moving  nearer  them. 

From  these  two  series  of  observations,  it  may  be  inferred  that 
two  kinds  of  repulsion  occur  between  the  chromosomes  (paired 
chromatids)  :  First,  a  general  repulsion  between  all  parts  of  the 
chromosomes  such  as  might  be  determined  by  a  surface  electrical 
charge  ;  this  would  be  stronger  between  loops  than  between  free 
arms,  because  their  parts  would  be  held  closer  together.  Secondly, 
a  localised  repulsion  between  the  centromeres  of  the  chromosomesi 
The  first  assumption  is  justified  by  the  staining  properties  of  the 
chromosomes,  by  the  fact  that  unpaired  chromosomes  never  touch 
one  another  in  the  nucleus,  and  by  the  known  behaviour  of  ampho- 
lytes in  solution.  The  second  assumption  is  justified  by  the  observed 
special  state  of  tension  found  at  diakinesis  and  metaphase  at  all 
terminal  chiasmata  and  between  the  centromere  and  the  first  inter- 
stitial chiasma  wherever  these  are  close  together,  as  they  regularly 
are  in  small  chromosomes  and  in  large  chromosomes  where  the 
chiasmata  are  localised  (Fig.  145) . 

These  two  assumptions  explain  the  movements  of  chiasmata  so 
far  as  they  are  yet  known  (D.  and  Dark,  1932).  In  organisms  with 
the  least  degree  of  terminalisation,  such  as  Lilium,  Hyacinthus, 
Fritillaria  and  Vicia,  the  generalised  repulsion  alone  is  effective  and 
no  fusion  of  chiasmata  seems  to  occur.  On  the  contrary,  an  equili- 
brium position  is  reached  in  which  all  the  chiasmata  in  each  arm 
are  equidistant  (D.  1933  on  Agapanthus).  In  organisms  with 
slightly  more  terminalisation  such  as  Stenobothrus  and  Tulipa  the 
centromeres  are  seen  to  repel  one  another  by  their  loops  becoming 
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larger  than  others,  but  again  little  or  no  fusion  of  chiasmata 
occurs,  and  this  repulsion  even  is  scarcely  effective  to  move  chias- 
mata when  the  centromere  lies  in  an  open  arm.  In  organisms 
with  still  more  terminalisation  such  as  Rosa  and  Matthiola  the 
proximal  loops  expand  considerably  at  the  expense  of  the  others, 
and  most  of  the  chiasmata  are  forced  to  the  ends,  where  the 
supernumerary  ones  fuse.  Finally,  in  organisms  with  complete 
terminalisation  such  as  Primula  and  Campanula  these  changes  are 
already  well  advanced  at  the  stages  of  diplotene  observed,  and  all 
the  chiasmata,  with  rare  exceptions,  have  reached  the  ends  and  fused 


J^^^ 


■it 
abed  e 

Fig.  145. — Diagram  showing  how  differential  repulsions  will  determine 
the  movement  of  chiasmata.  G,  g,  the  generalised  repulsions 
between  all  parts  of  all  chromosomes.  L,  I,  the  localised  repul- 
sions between  centromeres  (marked  by  arrows).  Capitals 
represent  the  forces  within  a  closed  loop,  small  letters  between 
open  arms.  In  all  types  G  overcomes  g.  In  Tulipa  g  +  I  does 
not  overcome  g^  but  in  Campanula  it  overcomes  even  G.  In 
Fritillaria  G  may  be  greater  than  g  -\-  I. 

before  diakinesis.  It  can  therefore  be  supposed  that  the  generalised 
repulsion  is  a  common  property  of  all  chromosomes  after  they  have 
divided  into  chromatids  and  that  the  differences  in  degree  of 
terminalisation  observed  in  different  organisms  are  due  to  differences 
in  the  degree  of  repulsion  between  centromeres. 

This  difference  seems  to  depend  to  a  less  extent  on  differences  in 
surface  charge  on  the  centromere  than  on  differences  in  the  size  of 
chromosomes.  Where  the  chromosomes  are  small  the  centromeres 
are  held  closer  together  ;  the  repulsion  between  them  and  the  result- 
ing movement  is  therefore  greater  in  relation  to  the  size  of  the 
chromosomes.  In  other  words,  the  repulsions  between  centromeres 
are  related  less  to  the  sizes  of  the  chromosomes  than  to  their  own 
functions  in  cell-division,  which,  as  we  shall  see  later,  depend  on  the 
size  of  the  cell. 
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Fig.  146. — Diagram  to  show  how  terminal  affinity  will  preserve 
terminal  association  with  terminalisation  of  chiasmata  having  different 
relationships.  The  genetic  interpretation  follows  the  chiasmatype 
hypothesis.  Left,  before  fusion  of  chiasmata  ;  right,  after  fusion.  If 
the  end  particles  had  not  both  lateral  and  terminal  affinity  the  second 
type  would  give  failure  of  pairing  owing  to  its  chiasmata  being  com- 
pensating. The  dotted  lines  indicate  the  affinities  that  are  satisfied 
after  terminalisation. 
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(hi)  The  Theory  of  the  Terminal  Chiasma.  The  conditions 
under  which  interstitial  chiasmata  are  converted  into  terminal 
chiasmata  are  of  three  kinds,  of  which  four  examples  may  be 
given  (illustrated  diagrammatically  in  Fig.  146)  :  {a)  The  chiasma 
is  single,  and  there  are  two  associations  of  chromatids. 
(b)  There  are  two  chiasmata,  and  therefore  three  associations  of 
chromatids,  but  the  third  is  a  continuation  of  the  first.  The 
chiasmata  are  then  comparate.  They  result  from  reciprocal  or 
complementary  crossing  over,  (c)  There  are  two  disparate  chias- 
mata :  the  second  exchange  does  not  restore  the  relationship  found 
before.  One  chromatid  which  has  crossed  over  at  the  first  also 
crosses  over  at  the  second  chiasma.  The  chiasmata  are  also  bound 
to  be  disparate  where  (as  in  (^) )  a  third  chromosome  associates 
at  the  second  chiasma  with  one  of  the  other  two. 

The  maintenance  of  terminal  association  following  the  movement 
to  the  ends  by  chiasmata  having  all  these  different  relationships  leads 
to  the  following  conclusions  :  (i)  The  proximal  or  penultimate 
association  replaces  the  distal  or  ultimate  one  in  terminalisation 
(Fig.  146  {a) )  in  every  particle  save  the  terminal  one.  (ii)  Compar- 
ate chiasmata  (Fig.  146  (b)  )  do  not  cancel  one  another  out,  but 
the  penultimate  association  replaces  the  ultimate  one.  (iii) 
Disparate  chiasmata  terminalise  without  replacement  of  the 
ultimate  association.  The  penultimate  association  simply  dis- 
appears (Fig.  146  (c)). 

These  three  imexpected  properties  can  all  be  explained  on  a 
single  assumption :  the  terminal  particles  have,  unlike  the 
intercalary  particles,  a  double  affinity,  lateral  and  terminal ;  the 
latter  is  satisfied  only  on  terminaHsation.  That  terminal  particles 
should  inherently  have  a  special  affinity  not  found  in  intercalary 
ones  does  not  seem  improbable  on  analogy  with  attraction  based 
on  chemical,  electro-magnetic  or  surface  tension  phenomena, 
though  we  need  not  inquire  for  the  moment  which  kind  of  attraction 
is  here  concerned. 

The  result  of  terminal  affinity  will  be  that  when  one  thread 
displaces  another  from  association  with  a  third,  either  the  end  of 
the  laterally  displaced  thread  will  retain  its  lateral  association  as  a 
terminal  one  (as  in  case  {a)  with  a  single  chiasma,  or  in  case  [b)  where 
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the  displacing  association  is  the  same  as  the  terminal  one  owing  to 
the  chiasmata  being  comparate)  or  the  lateral  association  at  the 
end  of  the  displaced  thread  will  be  lost  (as  in  cases  (c)  and  (d)  where 
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Fig.  147. — Diagram  to  show  terminalisation  in  a  quadrivalent  giving 
a  quadruple  chiasma  and  the  possibility  of  "  double  reduction  " 
(or  "equational  exceptions  ")  following  crossing-over  between 
chromatids  (on  the  chiasmatype  theory),  a,  b,  c,  d  and  e,  diplo- 
tene  chiasmata  and  points  of  crossing-over,  x,  y  and  z,  terminal 
chiasmata.  P  and  p,  alternative  factors  in  respect  of  which  the 
organism  is  triplex  (PPPp).  Segregation  will  give  double 
reduction  in  a  proportion  of  cases  yielding  reduced  nuclei  of  the 
constitution  pp.     Arrows  show  the  positions  of  the  centromere. 


the  three  associations  are  different  owing  to  the  chiasmata  being 
disparate).  The  terminal  association,  therefore,  cannot  be 
eliminated  by  cancellation  (as  suggested  earlier  by  the  present 
writer,  1929  c),  it  can  only  be  changed  (as  in  {b)  )  to  become  the 
lateral  one. 
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It  remains  to  be  said  that  the  property  of  terminal  affinity  can 
be  supposed  to  develop  only  after  the  beginning  of  diplotene;  for, 
were  the  ends  already  attractive  at  this  stage,  terminal  chiasmata 
would  arise  at  every  chromosome  end  immediately  and  as  a  matter 
of  course.  Actually,  it  is  improbable  that  any  chiasmata  are  terminal 
at  the  moment  of  origin,  for  the  reasons  given  above. 

Terminal  affinity  is  exerted  as  a  rule  only  when  one  lateral 
association  is  displaced  by  another  in  terminalisation.  But  if 
terminal  affinity  develops  after  diplotene  the  possibility  arises  of 
its  being  a  secondary  cause  of  pairing  at  diakinesis  or  metaphase. 
Exceptional  cases  of  this  have  been  found  in  the  sex  chromosomes 
of  LygcBus  (Wilson,  1905),  the  microchromosomes  of  Anasa  (Wilson, 
1905),  and  Alydus  (Renter,  1930).  These  chromosomes  do  not  as  a 
rule  pair  at  the  prophase  of  meiosis.  In  Alydus  this  is  apparently 
because  they  have  already  divided  at  the  pachytene  stage  when  the 
paired  chromosomes  have  not  yet  divided.  The  microchromosomes 
pair  momentarily  at  metaphase  and  separate  at  anaphase.  The 
sex  chromosomes  divide  equationally  at  the  first  division  and  their 
daughter  chromatids  pair  at  the  second  prophase.  In  the  anomalous 
meiosis  of  Llaveia  a  pair  of  autosomes  behaves  in  the  same  way 
(Hughes-Schrader,  1931).  In  either  case  the  pairing  is  end-to-end, 
and  not  side  by  side.  It  indicates  a  special  capacity  of  attraction 
in  the  ends  of  the  chromosomes  such  as  that  which  is  assumed  to 
maintain  the  terminal  chiasma.  Probably  the  sex  chromosomes 
which  pair  in  this  way  are  homologous  for  too  short  a  length  to 
permit  the  formation  of  a  chiasma  if  they  were  to  pair  at  pachytene, 
but  retain  minute  homologous  segments  that  are  sufficient  to  exert 
a  specific  terminal  affinity. 

Conclusion.  Terminalisation  has  now  enabled  us  to  distin- 
guish three  forces  acting  within  the  resting  nucleus.  The  two 
repulsions  are  non-specific.  One  is  generalised  and  probably  due 
to  a  surface  charge  evenly  distributed  over  alj  the  parts  of  the 
chromosomes.  The  other  is  localised  and  is  probably  due  to  a 
specially  high  charge,  concentrated  on  the  centromere  and  develop- 
ing after  chiasma  formation.  The  different  balance  between  these 
two  forces  of  body  repulsion  and  centromere  repulsion  is  responsible 
for  the  forms  of  bivalents  with  different  degrees  of  terminahsation. 
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The  third  force  is  an  attraction  wliich  is  specific  to  the  parts  of  the 
chromosomes  and  is  shown  only  by  their  ends.  We  now  have  to 
consider  how  these  forces,  inferred  from  the  relatively  simple 
system  of  the  prophase  nucleus,  act  when  the  chromosomes  are 
brought  into  a  specially  differentiated  substrate,  during  the  extra- 
nuclear  stages  of  their  life-cycle. 

(iv)  Balanced  Repulsions  in  the  Spindle,  (a)  Introduction.  The 
metaphase  and  anaphase  movements  of  the  chromosomes  are  more 
complicated  than  the  prophase  movements,  for  an  obvious  reason. 
During  the  prophase  the  chromosomes  are  free  from  outside  inter- 
ference.   Their  movements  show  what  they  can  do  by  themselves. 


Fig.  148. — Diagram  to  show  the  effect  of  dehydration  on  the  different 
cell  constituents  at  metaphase  of  mitosis  or  meiosis.  Chromo- 
somes black,  cytoplasm  stippled,  spindle  clear,  a  In  isotomic 
solution,  b,  c,  d  In  hypertonic  solution,  successive  stages  of 
dehydration,  a-c  axial  section  ;  d  equatorial  section.  (From 
Belar,  1927.) 


At  metaphase  they  are  brought  into  relation  with  another  set  of 
variable  conditions,  conditions  bound  up  with  the  activity  of  the 
spindle.  It  is  only  therefore,  with  a  clear  understanding  of  the 
simpler  movements  that  take  place  in  the  prophase  nucleus  that 
we  can  hope  to  consider  their  later  activities  profitably.  This 
we  are  now  in  a  position  to  do. 

(h)  The  Structure  of  the  Spindle.  The  special  properties  of  the 
spindle  as  distinct  from  the  cytoplasm  may  be  inferred  in  three 
ways  (Belar,  1929,  a  and  h).  When  the  cytoplasm  is  shrunk  by 
dehydration  of  living  cells  in  a  hypertonic  solution,  as  in  the  course 
of  fixation  or  in  special  experiments,  the  spindle  shrinks  less  than 
the  rest.  When  living  cells  are  smeared  on  a  slide  in  a  single  layer, 
as  is  readily  done  when  the  cells  are  large,  they  lie  with  their 
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spindles  flat ;  since  the  cells  are  globular  the  spindles  must  have 
opposed  special  resistance  to  pressure.  Finally  the  spindle  is  seen 
to  be  more  refractive  to  light  than  the  rest  of  the  cytoplasm. 

The  same  tests  show  the  relative  rigidity  of  different  cell 
organs.  The  nuclear  ground  substance  at  late  prophase  is  less 
rigid  than  the  spindle  ;  the  chromosomes  at  late  prophase  and 
metaphase  are  more  rigid. 

The  special  rigidity  of  the  spindle  is  of  a  peculiar  kind.  The 
shrinkage  when  the  spindle  loses  water  is  greater  crosswise  than 
axially.  It  may  thus  be  caused  to  spHt  axially  either  in  numerous 
small  fissures  or  in  a  few  broad  clefts.  These,  especially  when 
stained,  give  the  spindle  a  striated  appearance,  and  they  have  been 
described  as  the  "  spindle-fibres."  What  is  their  significance  ? 
Evidently  the  water  content  of  the  spindle  is  not  evenly  distributed 
but  lies  in  axial  channels  between  the  more  rigid  portions  of  the 
spindle.  This  is  shown  equally  by  the  special  axial  expansion 
of  the  spindle  at  a  later  stage  of  mitosis.  There  are  therefore 
in  the  spindle  axial  structures  of  high  rigidity  which  may  be  de- 
scribed as  fibres,  although  the  "  fibres  "  that  are  seen  are  merely 
the  channels  between  them.  Their  structure  is  not  inherent  in 
their  materials  like  that  of  the  fibres  of  connective  tissue ;  it 
must  be  determined  by  special  conditions  external  to  them,  as 
is  the  structure  of  fibrillse  or  ciHa  in  the  Protozoa  or  the  arrange- 
ment of  iron  filings  in  a  magnetic  field.  This  has  been  shown  most 
clearly  by  Chambers  (1925)  ;  a  needle  passed  through  the  spindle 
at  metaphase  does  not  disturb  the  chromosomes  to  which  connective 
fibres  might  be  supposed  to  be  attached. 

Another  possible  source  of  misunderstanding  about  spindle 
fibres  must  be  removed.  The  threads  connecting  the  centromeres 
to  the  bodies  of  the  chromosomes  are  often  stained  at  the  first 
metaphase  of  meiosis  although  the  centromeres  themselves  are  not. 
These  threads  have  often  been  illustrated  and  described  as  spindle 
fibres.  We  now  see  that  these  "  fibres  "  are  an  integral  part  of  the 
chromosomes  and,  although  they  depend  for  their  arrangement 
on  the  structure  of  the  spindle,  they  are  not  themselves  a  part  of 
that  structure. 

Experiments  showing  the  absence  of  connective  fibres  do  not  solve 
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the  problem  of  the  molecular  structure  underlying  the  spindle.  That 
it  has  a  special  molecular  structure  is  shown  not  only  by  the  distribu- 
tion of  its  contained  water  and  its  reaction  to  fixatives  but  also  by 
special  experiments.  Centrifuged  cells  show  a  distortion  of  the 
spindle  after  fixation  of  the  kind  that  is  to  be  expected  of  a  body 
that  is  both  fluid  and  orientated  (Schrader  1934  on  Cyclops,  etc.). 
Moreover  these  observations  leave  no  doubt  on  another  point  of 
some  importance.  The  fibres  or  channels  that  are  visible  in  certain 
organisms  and  indeed  with  special  fixations  in  all  organisms  are 
not  uniformly  distributed  in  the  spindle  but  are  of  two  localised 
kinds  at  metaphase,  viz.  those  "  interzonal  fibres  "  joining,  or 
rather  lying  between,  the  two  poles,  and  those  joining  each  pole 
with  the  several  centromeres  of  the  chromosomes  (F.  Schrader,  1932  ; 
Upcott,  1936  a).  It  seems  likely  that  the  differentiation  is  not 
strictly  confined  to  these  types,  but  is  rather  locally  exaggerated  by 
the  poles  and  centromeres  to  give  the  differentiation  we  see. 

We  may  conclude  therefore  that  the  differentiation  of  the  spindle 
is  a  differentiation  of  its  own  water  content.  Such  a  differentiation 
could  be  brought  about  by  the  orientation  of  molecules  of  suitable 
shape  such  as  chain  molecules  with  which  water  is  laterally  asso- 
ciated. Further,  this  differentiation  takes  place  under  the  action 
of  centrosomes  in  the  first  place  and  is  influenced  also  by  the 
centromeres. 

We  next  have  to  consider  how  the  centrosomes  and  centromeres 
can  determine  the  orientation  of  the  spindle.  Hardy  (1899)  pointed 
out  that  an  internal  heterogeneity  such  as  that  shown  by  the 
structure  of  the  spindle  could  arise  from  a  stress  such  as  stretching. 
We  shall  see,  however,  from  the  repulsions  inferred  in  the  spindle 
IM  C  that  it  lies  in  an  electrical  field.  We  know  also  that  its  heterogeneity 
depends  on  a  special  distribution  of  molecules  of  a  high  dielectric 
constant,  molecules  of  water.  Finally,  we  know  that  an  orientation, 
to  give  a  structure  of  a  liquid  crystal  such  as  that  of  the  spindle, 
is  affected  by  an  electrical  field  (Bragg,  1933).  It  seems  more  likely 
therefore  from  our  present  knowledge  that  the  differentiation  of  the 
spindle  depends  on  the  orientation  of  particles  having  an  anisotropic 
dielectric  constant  in  an  electric  field  and  that  this  orientation  takes 
place  in  such  a  way  that  the  repulsions  are  most  efficiently  trans- 
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Figs.  1-3. — Meiosis  in  the  oocytes  of  the  earthworm  Allolobophora. 
(From  Foot  and  Strobell,  1905,  smears  shghtly  pressed  before  fixation.) 
Fig.  I.     Diakinesis.       Fig.  2.     Early   metaphase.      Fig.  3.     Full 
metaphase.     Note  terminal  and  interstitial  chiasmata. 

Figs.  4  and  5. — Anaphase  of  the  first  division  in  Kniphofia  X  2000 
(From  Moffett,   1932  a.) 

Fig.  4.  Separation  of  bivalent  with  single  interstitial  chiasma. 
Fig.  5.  Separation  of  bivalent  with  two  compensating  chiasmata 
leading  to  interlocking. 

Fig.  6. — First  metaphase  in  Mecostethus  grossus,  (^.  11  bivalents 
visible,  A'  chromosome  off  the  plate.  5  long  bivalents  have  one  proximal 
chiasma  only,  3  more  have  also  a  distal  chiasma  to  give  a  ring.  x  ca. 
1200.     (La  Gour  :  2B.D.  —  gentian-violet,  section  30|jt,  thick.) 

Fig.  7. — INIetaphase,  anaphase  and  telophase  of  mitosis  in  the  morula 
of  a  white  fish  {Covegoniis  clupeoides),  showing  the  changing  shape  of 
the  spindle.     (By  kind  permission  of  Dr.  P.  C.  KoUer.) 
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mitted.    The  stretching  of  the  spindle  would  then  be  the  result  of 
an  internal  orientation  and  not  the  cause  of  it. 

(c)  Mitotic  Metaphase.  At  metaphase  the  chromosomes  form  a 
plate  equidistant  between  the  two  poles.  WTien,  owing  to  the  pre- 
sence of  extra  centrosomes,  there  are  three  or  four  poles,  a  three- 
armed  or  cross-shaped  plate  is  formed  equidistant  between  them. 
When,  however,  two  of  these  have  arisen  by  division  at  the  beginning 
of  metaphase  no  plate  is  formed  between  them,  showing  that  the 
development  of  the  plate  to  some  extent  depends  on"the  chromo- 
somes (Kuhn,  1920  ;  KoUer,  unpublished).    Spindles  can,  however, 


Fig.  149. — Comparison  of  mitotic  and  meiotic  plates  in  Hosta 
[n  =  30).  Large  chromosomes  being  rigid  in  meiosis  are 
peripheral ;  being  flexible  in  mitosis  lie  at  random  on  the  plate. 
(Akemine,  I935) 

be  formed  in  fertilised  egg-fragments  of  Triton  without  any  chromo- 
somes (Fankhauser,  1934,  a  and  h).  This  indicates  that  the  lack  of 
spindle  in  the  other  case  is  due  to  competition  for  spindle-forming 
components,  a  competition  in  which  time  of  action  is  all-important. 
How  this  comes  about  will  be  seen  later. 

The  formation  of  the  metaphase  plate  at  mitosis  takes  place  in 
three  stages.  The  first  is  congression.  The  centromeres  come  to  lie 
in  a  plane  equidistant  between  the  two  poles  of  the  spindle.  The 
second  is  orientation.  The  centromeres  come  to  lie  so  that  the 
chromatids  on  either  side  of  them  lie  in  the  axis  of  the  spindle  ;  the 
centromeres  themselves  must  therefore  be  polarised  and  orientated. 

That  it  is  the  centromere  which  is  concerned  in  these  movements 
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has  long  been  clear  from  the  fact  that  it  is  only  at  this  point  that 
the  chromosome  lies  on  the  spindle  or  is  "  attached  "  to  it,  as  the 
phrase  used  to  be.  This  view  has  now  been  verified  by  the  study 
of  acentric  chromatids  produced  by  crossing-over  in  inversions  and 
by  X-ray  breakage.  Such  chromatids  are  entirely  passive.  Con- 
gression  and  orientation,  together  with  the  anaphase  separation  of 
chromatids  and  the  movement  of  terminalisation,  may  therefore  be 
defined  as  centric  reactions  of  the  chromosomes. 

The  third  process  is  distribution.  The  centromeres  come  to  lie  so 
that  the  bodies  of  their  chromosomes  are  more  or  less  evenly  distri- 
buted on  the  plate.  It  consists  therefore  in  a  modification  of  the 
centric  reaction  by  the  body  repulsion  of  the  chromosomes. 

These  three  processes  take  place  as  a  rule  at  the  same  time. 
The  reason  for  distinguishing  between  them  is  that  each  may  fail  or 
vary  independently  of  the  other  two  and  for  special  reasons.  There 
is  no  evidence  of  congression  and  orientation  varying  at  mitosis 
except  for  small  chromosomes,  which  may  conduct  their  movements 
out  of  step  with  the  large  ones  of  the  same  complement — either 
sooner  or  later  (Upcott,  unpublished). 

Distribution,  on  the  other  hand,  is  subject  to  three  natural 
sources  of  variation  at  mitosis.  The  first  is  the  existence  of  the 
secondary  attractions  which  modify  the  simple  equilibrium  position 
produced  by  equal  repulsion.  The  second  is  the  generalised  body- 
repulsion  considered  at  prophase.  This  leads  to  a  characteristic 
difference  in  the  distribution  of  large  and  small  chromosomes. 
Necessarily,  since  only  the  centromeres  regularly  lie  on  the  spindle, 
the  widest  distribution  of  the  chromosomes  is  attained  when  the 
longer  chromosomes  lie  on  the  periphery.  This  always  happens 
when  the  bodies  of  the  chromosomes  are  held  in  the  equatorial 
plane  by  the  orientation  of  their  centromeres  and  by  their  own 
rigidity.  This  condition  applies  to  meiotic  bivalents  with  several 
chiasmata.  It  does  not  apply  however  to  chromosomes  that  bend 
freely  and  may  turn  perpendicular  to  the  plate,  as  long  thin  chromo- 
somes always  do  at  mitosis.  Hence  the  contrast  in  the  arrangement 
of  the  chromosomes  of  Hosta  at  mitosis  and  meiosis  (Akemine, 
1935  ;   Fig.  149,  cf.  Fyfe,  1936). 

The  third  source  of  variation  is  that  which  determines  the  hollow 
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spindle  in  many  animals,  where  all  the  chromosomes  lie  round  the 
edge  of  the  spindle  instead  of  being  evenly  distributed  on  the  plate. 
This  difference  has  hitherto  been  represented  as  associated  with 
characteristic  developmental  properties,  such  as  the  enfolding  of  the 
spindle  by  the  prophase  nucleus  (cf.  Belar,  1926).  But  the  arrange- 
ment on  the  metaphase  plate  must  be  due  to  repulsion  from  the 
poles  acting  on  the  centromeres  ;  it  follows  that  a  distribution  round 
the  edge  of  the  plate  will  result  from  a  stronger  polar  repulsion. 
This  view  is  borne  out  by  the  discovery  that  a  more  or  less  peripheral 
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Fig.  150. — Three  pollen  grain  mitoses  in  Fritillaria  pudica  {^x  =  39). 
The  increasingly  hollow  spindle  is  correlated  with  decreasingly 
spiralised  chromosomes  and  decreasingly  efficient  orientation 
of  centromeres.      X  1,500  (D.,  1935). 


distribution  may  occur  in  certain  pollen-grain  mitoses  of  plants 
associated  with  other  abnormaHties  of  spindle-relationship  (D.,  1936, 
Fritillaria,  Fig.  150;  Upcott,  unpub.,  Tulipa).  Furthermore,  both 
in  normal  and  exceptional  circumstances  every  gradation  is  found 
between  the  two  extremes. 

(d)  Meiotic  Metaphase.  At  the  first  metaphase  of  meiosis  the 
behaviour  of  the  chromosomes  is  like  that  at  mitosis  in  some  ways, 
very  unlike  it  in  others.  Congression,  orientation  and  distribution 
follow  similar  rules,  but  the  agent  of  these  changes  is  different.  It 
is  not  a  polarised,  potentially  double  centromere,  but  two  separate 
centromeres,  which  determine  the  movements  of  each  bivalent. 
These  lie  on  either  side  of  the  equatorial  plane,  somewhat  further 
aoart  than  in  the  prophase  nucleus  as  a  rule.    Congression  may  be 


526 


CELL   MECHANICS 


hindered  by  the  body  repulsions  of  the  other  chromosomes  on  a 
crowded  plate,  and  in  this  case  one  bivalent  may  form  an  accessory 
plate  half-way  between  the  primary  plates  and  a  pole  (D.,  1936  c). 
The  sex  chromosomes  are  particularly  liable  to  behave  in  this  way 
(Roller  and  D. ,  1934) .  Orientation,  as  well  as  even  distribution,  may 
fail  with  interlocking  (Dark,  1936,  Pceonia). 

Orientation  is  also  liable  to  fail  where  the  centromeres  are  excep- 
tionally far  apart .  For  example,  in  a  hybrid  where  two  long  chromo- 
somes have  formed  a  single  chiasma,  instead  of  three  or  four,  the 


Fig.    151. — Non-congression    and    non-orientation    of   bivalents    in 

Podophyllum  versipelle  [n  =  6).      x  1,800   (D.,  19366). 

centromeres  may  be  five  times  their  usual  distance  apart,  further 
apart  indeed  than  the  centromeres  of  different  bivalents.  They 
then  fail  to  orientate  and  also  fail  to  show  any  effective  repulsion 
even  such  as  bivalents  show  at  diakinesis  (Richardson,  1936, 
Lilium  ;  D.,  1936  h,  Podophyllum).  This  type  of  observation  shows 
that  repulsion  is  the  agent  of  orientation.  The  converse  is  also 
true  ;  bivalents  that  have  not  become  orientated  and  continue  to 
lie  crosswise  in  the  spindle  fail  to  show  tension  between  their 
centromeres. 

Such  repulsion  as  occurs  crosswise  in  the  spindle  is  less  than 
that  shown  at  diakinesis,    This  is  true  equally  of  the  centromeres 
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of  unorientated  bivalents  and  of  those  of  different  bivalents.  It 
indicates  that  the  structure  of  the  spindle  which  enhances  repulsions 
in  one  direction  diminishes  them  in  another.  Hence  the  length- 
wise orientation  of  the  contained  water  which  is  associated  with  the 
differential  lengthwise  repulsion  must  be  responsible  for  this 
differential  repulsion.  But  it  is  significant  in  two  other  respects. 
It  enables  us  to  understand  why  the  chromosomes  are  bunched 
together  in  the  short  interval  between  diakinesis  and  the  metaphase 
orientation  ("  pro-metaphase,"  Lawrence,  1931).  Evidently  the 
invasion  of  the  nucleus  by  the  spindle  reduces  repulsions  until 
orientation  has  occurred.  The  second  respect  is  more  important. 
The  reduction  of  repulsions  does  not  imply  a  reduction  in  specific 
attractions,  since  the  two  are  physically  unrelated.  The  equili- 
brium position  between  repulsions  and  secondary  attractions  will 
therefore  be  influenced  more  strongly  by  the  attractions  crosswise 
in  the  spindle  than  at  any  time,  such  as  diakinesis,  where  there 
is  no  spindle.  Hence  secondary  pairing  of  chromosomes  is  found 
at  metaphase  in  organisms  which  do  not  show  it  at  prophase  (cf. 
Matsuura,  1935). 

Orientation  must  consist  in  the  centromeres  lying  in  such  a 
direction  as  to  exercise  maximal  repulsion  on  one  another.  This 
repulsion  is  shown  by  the  pairs  of  centromeres  only  in  meiotic 
chromosomes,  for  where  mitotic  chromosomes  are  united  by  pseudo- 
chiasmata  as  a  result  of  X-ray  breakage  their  centromeres  show 
no  relative  orientation  (White,  1935). 

As  we  saw,  owing  to  their  body-repulsions,  the  bodies  of  long 
chromosomes  whose  centromeres  are  lying  on  the  periphery  of  the 
spindle  themselves  lie  outside  it  in  the  cytoplasm.  Further,  where 
the  parts  of  the  chromosomes  between  the  centromeres  are  under 
very  little  tension,  the  pairs  of  centromeres  lie  equidistant,  in  two 
parallel  planes  (Fig.  152,  Plate  XV).  This  represents  the  simplest 
equilibrium  position  between  the  repulsions  of  the  two  poles  and 
the  two  centromeres.  When,  however,  the  parts  of  the  chromo- 
somes between  the  centromeres  are  very  short  they  are  drawn  out 
under  tension.  The  equilibrium  position  is  modified  and  the  pair 
of  centromeres  lie  a  little  closer  together.  This  happens  necessarily 
whenever  a  chiasma  is  formed  in  a  very  short  arm  of  a  chromosome 
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and  the  connection  between  the  two  chromosomes  may  become  so  fine 
as  to  be  invisible.  Such  cases  have  sometimes  been  misinterpreted 
as  due  to  failure  of  pairing  or  precocious  separation  of  a  particular 
pair  (D.,  1936^,  on  Chorthippus,  cf.  Belar,  1929  a,  on  Stenobothrus, 
Larter,  1932,  on  Ranunculus,  D.,  1933,  on  Secale  ;  cf.  also  "  distance 
conjugation  "  in  the  Hepaticae). 

The  property  of  the  centromeres  of  bivalents  which  leads  to  their 
relative  orientation  is  revealed  by  the  behaviour  of  univalents.  It 
might  be  supposed  that  univalents  at  meiosis  would  behave  like 


Fig.  152. — Positions  of  the  centromere  in  Tradescantia  {zx)  in 
relation  to  the  spindle.  Rod  chromosomes  are  on  the  periphery 
and  lie  outside  their  centromeres  owing  to  body-repulsions. 
All  pairs  of  centromeres  are  equidistant.      X  2,400. 


chromosomes  at  mitosis,  but  they  do  not  do  so  until  late  metaphase 
or  the  beginning  of  anaphase.  They  are  delayed  in  their  reaction  to 
the  spindle,  as  we  should  expect  from  the  precocity  of  the  prophase 
of  meiosis.  And,  as  we  should  expect  also,  the  delay  affects  all  their 
centric  reactions — congression,  orientation  and  division.  The  ques- 
tion, then,  is  what  change  the  centromeres  undergo  between  the 
time  when  they  can  be  orientated  in  pairs  but  not  singly  (as  in 
bivalents  and,  at  early  meiotic  metaphase,  in  univalents),  and  the 
time  when  they  can  be  orientated  in  pairs  but  cannot  be  orientated 
singly  (as  in  pairs  of  chromosomes  with  pseudo-chiasmata  at 
mitotic  metaphases  and  in  univalents  at  early  first  meiotic  anaphase). 
Clearly  it  is  a  change  which  permits  one  body  to  behave  like  two, 
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and  we  must  suppose  it  is  the  initiation  of  division,  the  mode  of 
which  will  be  considered  later. 

If,  then,  the  centromeres  of  a  bivalent  at  metaphase  are  in  the 
same  condition  as  those  of  a  meiotic  chromosome  at  anaphase  why, 
it  may  be  asked,  do  they  linger  in  equilibrium  on  either  side  of  the 
plate  instead  of  passing  at  once  to  the  poles  ?  This  question  can  be 
answered  from  the  arrangements  of  multiple  configurations  on  the 
plate.  It  is  a  matter  of  indifference  for  their  movements  on  the 
spindle  whether  such  configurations  are  the  result  of  polyploidy 
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Fig.  155. — Equilibrium  positions  of  centromeres  of  bivalents  and 
trivalents  with  different  chiasma  positions  in  relation  to  the 
two  poles.     (D.,  1935) 

or  structural  hybridity.  They  arrange  themselves  according  to 
five  different  systems :  (i)  linear,  (ii)  convergent,  (iii)  parallel, 
(iv)  discordant,  (v)  indifferent  (Fig.  153). 

The  linear  arrangement  is  usual  where  the  centromeres  are  close 
together  as  in  small  chromosomes  or  with  chiasmata  very  close  to 
the  centromere.  Again  we  see  that  there  is  a  limit  to  the  distance 
apart  at  which  orientated  centromeres  can  lie,  and  this  distance  is 
less  than  the  length  of  the  spindle. 

The  convergent  system  is  the  characteristic  "  disjunctional " 
arrangement  in  rings  of  numerous  chromosomes,  but  it  is  also  the 
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most  frequent  in  many  trivalents  and  quadrivalents.  Now,  if  we 
consider  the  two  centromeres  of  a  bivalent  as  lying  in  a  more  or 
less  predetermined  axis,  the  three  centromeres  of  a  convergent, 
and  therefore  biaxial,  trivalent  must  be  regarded  as  having  modified 
one  or  both  of  its  axes.  In  other  words,  the  centromeres  modify 
the  action  of  the  spindle,  and  since  this  action  depends  on  structure, 
they  must  be  supposed  to  modify  its  structure.  The  same  modifica- 
tion is  sometimes  seen  with  interlocked  bivalents.  But  this  modi- 
fication is  limited  to  a  twist  of  io°  or  15°,  as  is  shown  by  the  dis- 
cordant type  of  arrangement.  Here  the  orientation  of  two  members 
of  a  quadrivalent  succeeds  at  the  expense  of  the  other  two,  which 
owing  to  the  rigidity  of  the  interstitial  chiasmata  in  the  configuration 
are  prevented  from  entering  into  any  axial  relationship.  The  same 
rigidity  is  probably  responsible  for  the  indifferent  type,  where  an 
odd  member  of  a  trivalent  lies  indifferently  with  regard  to  its 
partners. 

The  effect  of  the  centromeres  on  the  spindle  may  also  be  shown  by 
what  happens  in  their  absence.  Where  spindles  are  formed  without 
any  chromosomes  they  are  narrower  than  the  normal  (Fankhauser, 
1934,  a  and  h).  Where  all  the  chromosomes  are  univalent  and 
orientation  and  congression  fail,  the  spindle  gradually  stretches 
and  becomes  longer  than  it  would  be  at  any  stage  in  normal  develop- 
ment. The  cumulative  effect  of  the  polar  repulsions  in  orientating 
the  spindle,  which  itself  increases  the  effectiveness  of  the  repulsions, 
lengthens  the  spindle  so  that  it  is  bent  round  on  itself  in  a  confined 
cell  (Matsumoto,  1933,  and  Katayama,  1935,  on  Triticum  ;  Dob- 
zhansky,  1934  on  Drosophila ;  Morinaga  and  Fukushima,  1935,  on 
Oryza  ;  Brieger,  1934,  on  Nicotiana ;  Bergner  ei  al.,  1934,  on 
Datura). 

The  efect  of  the  chromosomes,  therefore,  is  to  broaden  the 
spindle  when  they  come  on  to  the  metaphase  plate.  This  effect  may 
be  inferred  in  another  way,  from  the  behaviour  of  univalents  in 
Triticum  a.nd  ^sculus  (KihsLia.,  ig2g ;  Upcott,  1936  &).  They  come 
on  to  the  plate  after  the  bivalents  and  form  a  ring  outside  them. 
If  they  had  not  widened  the  plate  they  could  not  have  found  room 
on  it.  While  the  spindle  is  therefore  entirely  independent  of  the 
chromosomes  in  its  origin  it  depends  on  a  centric  reaction  for  the 
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changes  in  shape  and  structure  that  it  undergoes  after  it  comes  into 
relation  with  them. 

(e)  Anaphase.  The  similarity  of  the  centromeres  and  the  centro- 
somes  or  spindle  poles  in  their  action  on  the  spindle  and  their 
reaction  in  orientation  suggests  that  in  the  metaphase  of  meiosis 
we  are  dealing  with  an  equilibrium  in  repulsions  between  four  bodies, 
two  poles  and  two  centromeres,  instead  of  between  three  as  at 
mitosis.  As  we  have  seen,  this  equilibrium  position  is  such  that 
bivalents  with  a  single  terminal  chiasma  in  a  short  arm  appear 
already  separated  at  metaphase.  The  change  from  metaphase  to 
anaphase  should  then  be  different  in  meiosis  from  that  in  mitosis. 

In  mitosis  it  seems  to  depend  directly  on  the  division  of  the  centro- 
mere. That  this  division  does  indeed  take  place  may  be  inferred,  as 
we  have  seen,  from  the  behaviour  of  diplochromosomes  and  from 
the  lack  of  synchronisation  in  division  of  unorientated  small 
chromosomes  in  Tulipa  galatica  (Upcott,  unpublished).  The  two 
daughter  centromeres  at  mitosis  repel  one  another  like  the  two 
partner  centromeres  at  meiosis  during  terminalisation.  In  meiosis, 
on  the  other  hand,  no  change  such  as  division  occurs  at  the  beginning 
of  anaphase,  and  indeed  the  distinction  between  metaphase  and 
anaphase  is  more  difficult  to  make  when  terminalisation  is  complete 
and  the  chromosomes  are  short  (as  in  (Enothera) .  The  centromeres 
merely  move  nearer  to  their  poles.  The  equilibrium  position  shifts, 
but  there  is  no  sudden  change  of  character.  Where  nmnerous  inter- 
stitial chiasmata  remain  to  be  disentangled,  there  is  a  lapse  of  attrac- 
tion between  chromatids,  and  it  seems  likely  that  this  plays  some 
part  in  the  change  of  equilibrirmi.  The  important  agent  in  anaphase 
movement  both  at  meiosis  (and  one  which  no  doubt  plays  a  part 
also  at  mitosis)  seems  to  be  the  waning  of  the  spindle  pole  repulsion, 
for  at  late  anaphase  the  chromosomes  always  approach  close  to  a 
pole  from  which  they  were  repelled  at  metaphase. 

A  secondary  agent  of  movement  depends  on  the  centromeres 
having  already  moved.  The  part  of  the  spindle  through  which  they 
have  passed  changes  its  shape.  It  narrows  and  stretches,  and  in 
doing  so  may  be  seen  in  living  cells  to  push  the  chromosomes  further 
apart  (Belar,  1929  a  and  h).  The  stretching  of  the  spindle  was  first 
clearly  seen  by  Kuhn  (1920)  in  Vahlkampfia,  where  T-shaped  tri- 
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polar  spindles  became  arrow-shaped  at  anaphase.  It  may  be 
inferred  regularly  from  the  behaviour  of  anaphase  chromosomes  in 
pollen-grain  mitoses  (Geitler,  1935  ;  D.,  1929  c,  1936  h).  The  cell- 
wall  stops  one  group  of  chromosomes  from  moving  further  in  mid- 
anaphase,  but  the  stretching  of  the  spindle  continues  to  push  the 
other  group,  which  is  still  seen  in  the  characteristic  attitude  of 
movement.  This  anaphase  change  in  the  spindle  is  not  surprising 
in  view  of  the  modifying  action  of  the  centromeres  on  the  spindle  at 


Fig.  154. — Pollen  grain  divisions  showing  asymmetrical  anaphases 
caused  by  stretching  of  the  spindle,  one  end  of  which  abuts  on 
the  wall.  (Left)  Podophyllum  (D.,  19366).  (Right)  Trades- 
cantia,  n  =  11  -\-  2  ff.     (D.,  1929  c.)      X  1,600. 

metaphase,  for  they  have  converted  the  centro some-spindle  between 
two  points  into  the  centromere-spindle  between  two  plates  (Fig.  154). 

The  stretching  of  the  spindle  between  the  separating  chromo- 
somes at  anaphase  is  clearly  analogous  to  its  stretching  at  meta- 
phase in  the  absence  of  orientated  centromeres.  It  seems  that 
cumulative  stretching  in  the  axis  of  repulsion  is  inherent  in  the 
orientation  of  spindle  particles  under  the  influence  of  that  repulsion. 
If  the  orientation  depends  on  the  gradual  concatenation  of  long 
molecules,  this  property  is  inevitable,  for  the  chains  can  grow  only 
in  length. 

It  has  been  supposed  since  the  early  hypotheses  of  van  Beneden 


SPINDLE-POLES  533 

that  a  sudden  change  of  charge  at  the  poles  determined  a  sudden 
change  from  repulsion  at  metaphase  to  attraction  at  anaphase 
(Kuwada,  1928).  Such  an  assiunption  is  difficult  a  priori  when 
appUed  to  an  ideal  meiosis,  but  is  altogether  impossible  when 
applied  to  cases  of  non-congression,  non-pairing  and  non-orienta- 
tion at  meiosis,  and  its  application  to  mitosis  has  never  even  been 
attempted. 

The  fact  that  the  later  anaphase  movement  is  not  due  to  the  action 
of  forces  at  a  distance,  but  to  the  spindle  stretching,  has  some  bear- 
ing on  this  old  theory  that  the  chromosomes  move  primarily  by 
attraction  to  the  poles  and  not  by  repulsion  from  one  another.  If 
this  theory  were  valid  the  forces  should,  on  all  analogy,  increase  in 
effect  as  the  chromosomes  approach  the  poles ;  evidently  they 
diminish,  as  they  should  if  they  are  repulsions  between  the  chromo- 
somes which  are  moving  apart. 

With  the  present  hypothesis  the  continuous  action  of  the  centres 
of  repulsion  on  one  another  and  on  the  spindle,  having  a  ciunulative 
effect  in  increasing  the  efficiency  of  those  repulsions,  is  capable  of 
explaining  the  series  of  movements  that  make  up  metaphase  and 
anaphase  in  terms  of  changing  equilibria.  In  order  to  see  exactly 
how  these  equilibria  will  change  we  must  examine  in  more  detail 
the  organs  of  movement,  the  centrosomes  and  centromeres. 

(v)  The  Organs  of  Movement.  {a)  The  Centrosomes.  The 
centrosome  is  a  body  associated  in  its  cycle  of  division  and  in  its 
apparent  function  with  the  nucleus.  During  the  resting  stage  it  lies 
inside  the  micro-nuclei  of  ciliates,  but  elsewhere  as  a  rule  just  out- 
side the  nucleus.  In  Aggregata  it  probably  enters  the  nucleus  at 
telophase  (Belar,  1926).  It  can  be  found  in  every  stage  of  the  Hfe- 
history  in  many  -protozoa  and  higher  animals  ;  but  even  in  these  it 
fluctuates  in  different  tissues  and  different  stages  of  its  cycle  both  in 
its  staining  capacity  and  in  its  apparent  influence  on  the  cytoplasm 
around  it  {e.g.,  Piscicola,  Geitler,  1934).  In  the  resting  stage  it  is 
most  difficult  to  see,  and  its  continuity,  like  that  of  the  chromo- 
somes themselves,  is  best  shown  in  rapid  divisions  such  as  the  cleav- 
age mitoses  in  Echinoderms.  In  many  organisms  it  is  visible  only 
at  certain  stages  of  development ;  in  mosses,  ferns  and  Cycads,  for 
example,  it  is  found  only  in  the  cells  forming  spermatozoids  (cf. 
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/ 
Sharp,  1920).    In  Drosophila  it  is  probably,  as  a  rule,  too  small  to 

see  (Dobzhansky,  1934).  It  may  be  represented  by  a  diffuse 
"  centrosphere  "  or  by  a  compact  granule  at  the  limit  of  visibility 
{0.2  jx  in  diameter).  In  the  polychaete  Ophryotrocha  the  daughter 
centrosome  on  the  periphery  of  the  cell  disappears  in  the  first  divi- 
sion of  the  oocyte,  while  the  other  remains  visible  and  active.  In 
the  Protista  the  centrosome  is  often  associated  with  other  permanent 
cell-organs,  whose  exact  relationship  with  those  found  in  the  higher 
organisms  is  difficult  to  make  out  (Cleveland,  1934  and  1935). 
Wherever  centrosomes  are  found,  with  rare  exceptions,  they  control 
the  formation  of  the  spindle.  They  divide  and  during  the  prophase 
the  halves  separate  to  opposite  sides  of  the  nucleus  ;  they  develop  a 
radial  structure  in  the  cytoplasm  around  them  and  this  structure 
extends  to  form  a  spindle  between  them. 

Continuity  in  the  inheritance  and  function  of  the  centrosome  has 
been  shown  experimentally  in  many  ways.  It  seems  to  be  brought 
into  the  egg  by  the  sperm  in  animals,  the  egg  losing  its  own  centro- 
some. In  the  parthenogenetic  Rhahditis  the  sperm  introduces  into 
the  egg  its  own  centrosome,  which  is  invisible  at  every  other  stage, 
although  no  fusion  of  nuclei,  no  true  fertilisation,  takes  place. 
Where  several  sperms  can  be  induced  to  enter  an  echinoderm  egg 
their  several  centrosomes  develop  multipolar  spindles  (Boveri,  1907 
etal.).  Similar  spindles  arise  in  cells  whose  centrosomes  have  divided 
but  whose  nuclear  division  has  been  suppressed  by  etherisation 
(Wilson,  1928,  p.  175),  in  fertilised  egg-fragments  of  Triton ,  and  in 
anomalous  mitoses  in  Vahlkampfia  (cf.  Table  74).  In  these 
organisms,  therefore,  the  centrosome  is  a  self-propagating  body 
controlling  the  formation  of  the  spindles. 

In  the  higher  plants  it  is  doubtful  whether  centrosomes  ever 
occur.  They  have  been  described  by  Guignard,  Feng  (1934)  and 
others  in  the  germ  cells,  but  Geitler  (1934)  has  failed  to  confirm  their 
presence.  The  failure  to  find  them  may,  as  the  studies  elsewhere 
show,  merely  indicate  their  smaller  size  or  failure  to  react  to  the 
system  of  fixation  and  staining  used.  Moreover,  the  more  cylindrical 
shape  of  the  spindle  in  higher  plants  does  not  argue  against  single 
pole-determinants,  for  such  spindles  are  found  with  centrosomes  in 
Gregarina  and  Oligochaeta  (Belar,  1928,  p.  255).    On  the  other  hand  ^ 
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1  ABLE     74 

Abnormal  Spindles 


Organism 


Tripolar. 

Vicia  Faba 
Epilobium 
Melandrium 
Psilotum  nudum 


Author 


Sakamiira,  1920. 
Michaelis,  1926. 
Heitz,  1925. 
Okabe,  1929. 


Tri-  and  Quadripolar. 

Boveri,  1907  et  al. 


Echinoderms 
Triton 

Anas-Cairina 


Drosophila 

pseudo-obscura. 

Unipolar. 
Sciara 

Urechis 

A  nas-Cairina 
hybrid. 


Fankhauser,  1934  a 


Crew    and    Keller, 
1936. 

Dobzhansky,  1934. 


Metz,  1933. 

Belar    and     Huth, 

1933- 
Crew    and    Roller, 
1936. 


Stage 


Treatment  or  Condition 


p.m.c. 
p.m.c. 
p.m.c. 
Spore  m.c. 


Cleavage  mitosis. 
Cleavage  mitosis. 


Exceptional 

double        nuclei 

at  meiosis. 
Poly  mitosis. 


M  I  spermatocyte. 
First  cleavage. 
Meiosis. 


Spindles  without  Nuclei  (and  vice  versa). 


Triton 


Fankhauser, 
a  and  b. 


1934 


Cleavage 
sions. 


divi- 


Chloral  hydrate. 
Cold. 
Natural. 

Usual  habit  of  ^x 
race. 


Induced 
dispermy. 

Fertilised  egg 

fragments 
(centrosomes 
divide     out     of 
step) . 

Abnormal  hybrid. 


Abnormal  hybrid. 


Normal  habit  (no 

pairing). 
Not  stated. 

Exceptional. 


Fertilised 
fragments. 


in  the  protozoan  Acanthocystis  bodies  are  present,  having  the  appear- 
ance of  centrosomes,  but  no  evident  connection  with  spindle  forma- 
tion (Belar,  1926  h).  It  therefore  seems  that  the  function  of  the 
centrosomes  in  controlling  spindle-formation  may  be  transferred  to 
some  other  cell-organ,  perhaps  to  an  organ  which  lacks  the  property 
of  self-propagation  that  is  characteristic  of  the  centrosome.  How 
this  may  happen  will  be  seen  later. 

ih)  The  Centromeres.  The  existence  of  a  characteristic  body  form- 
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ing  part  of  the  chromosome  at  its  "  spindle  attachment  "  has  long 
been  recognised.  Owing  to  its  variable  appearance  and  interpreta- 
tion, different  names  have  been  given  to  it  by  different  workers 
(Table  75) .  It  has  been  identified  at  metaphase  of  mitosis  in  plants, 
at  pachytene  in  animals  and  later  in  plants,  at  first  metaphase  of 
meiosis  in  plants  (Minouchi  cit.,  Kuwada,  1928  ;  D.,  loc.  cit., 
and  1936  d).  Special  conditions  of  fixation  and  staining  are  neces- 
sary to  show  it,  and  probably  it  is  beyond  the  limit  of  visibility  in 
small  chromosomes.  In  the  largest  chromosomes  it  appears  to  be 
0*2  yu,  in  diameter  with  a  chrom-acetic  fixation,  and  larger  with 
acetocarmine.     With  the  first  method  its  differential  staining  is 


Table  75 
Names  Applied  to  the  Centromere  and  the  Centric  Constriction 


Name. 

Stage. 

Organism. 

Author. 

Substantial. 

Leitkorperchen 

Anaphase          of 

Salamandra. 

Metzner,  1894. 

mitosis. 

Galtonia. 

S.  Nawaschin,   191 2. 

C  rep  is. 

Trankowsky,  1931. 

Polar  Granule 

Pachytene. 

Phrynotettix . 

Pinney,  1908. 
Wenrich,  1916. 

Metaphase  I. 

Pungitiits. 

Makino,  1934. 

Granule  proximale 

Pachytene, 

Chorthippus  j 

Janssens,     1924     (c/. 

anaphase  I. 

Mecostethus  J 

Belar,  1928). 

Attachment 

Pachytene, 

Zea  Mays     \ 
Agapanthus] 

Darlington,    1933    h, 

Chromomere. 

anaphase  I. 

1934  b. 

Kinetochore 

Anaphase  of 
mitosis. 

Trillium. 

Sharp,  1934. 

Centromere 

Mitosis  and 

Chorthippus. 

Darlington,    1936    b, 

anaphase  II. 

d,  e. 

Spatial. 

Point      of      Fiber 

Metaphase. 

Orthoptera. 

McClung,  1914. 

Attachment. 

Insertions-stelle  der 

Zugfaseror. 

Metaphase  I. 

Stenohothrus. 

Belar,  1929  a. 

Insertionsliicke 

Spindle            Fiber 

Moment  of  segre- 

Drosophila. 

Bridges,  1927. 

Insertion. 

gation 

Kaufmann,  1933. 

(genetical). 

Dobzhansky,  1934. 

Insertion  region     . 

Pachytene. 

Zea  Mays. 

McClintock,  1933. 

Spindle-fiber 

Mitosis. 

Gasteria. 

Taylor,  1924. 

Attachment  Con- 

striction. 
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somewhat  variable,  the  whole  adjoinmg  region  of  the  chromosome 
may  share  its  properties,  and  in  some  cells  in  Tradescantia,  following 
acid  vapour  pre-treatment,  it  has  appeared  as  a  double  particle 
transversely  orientated  at  first  metaphase  (D.,  unpub.).  This 
doubleness,  however,  being  inconsistent,  is  probably  a  non-charac- 
teristic artefact. 

Since  the  centromeres  that  have  been  seen  are  located  at  charac- 
teristic and  permanent  positions  in  the  chromosome  we  may  expect 
them  to  have  the  permanence  of  other  chromosome  parts.  This  has 
been  shown  most  simply  by  the  results  of  crossing-over  in  inversions, 
and  of  the  breakages  of  chromosomes  by  X-rays  already  described 
(Ch.  X).  They  make  it  clear  that  each  centromere  continues  to 
function  even  when  more  than  one  lies  in  a  particular  chromatid, 
and  that  when  a  chromatid  arises  with  no  centromere  it  ceases  to 
make  any  movement  in  response  to  the  spindle.  Centromeres  do  not 
arise  de  novo  (Navashin,  1932  ;  Mather  and  Stone,  1933).  Wherever 
they  are  found  they  control  the  spindle  movements  of  the  chromo- 
somes and  the  special  prophase  movement  of  terminalisation.  We 
may  therefore  infer  that  bodies  analogous  to  the  centromeres  are 
present  wherever  their  functions  are  fulfilled  and  the  centric  con- 
strictions that  they  determine  are  observed.  The  failure  to  see 
them  in  the  smallest  chromosomes  is  to  be  expected  if  they  are  pro- 
portionate in  size  to  the  bodies  of  the  chromosomes,  for  in  the  largest 
they  are  near  to  the  limit  of  visibility. 

When  we  apply  this  conclusion  generally  we  find  that  the  chromo- 
somes of  some  organisms  have  a  less  clearly  defined  relation  to  the 
spindle,  which  may  imply  an  anomalous  character  in  their  centro- 
meres. In  Ascaris,  as  we  have  seen,  the  apparently  diffuse 
character  of  the  anaphase  repulsion  is  due  to  the  chromosome  being 
polycentric.  The  possibility  of  doubleness  in  the  centromere  sug- 
gested by  direct  observation  (D.,  1933)  and  inferred  from  the  results 
of  X-ray  breakage  (McClintock,  1933  h),  seems  to  be  incompatible 
with  its  mechanical  individuality.  In  other  organisms  the  anomaly 
is  not  clear  (e.g.,  in  the  Coccidae,  F.  Schrader,  1932). 

The  question  of  the  genetic  relationship  of  centromeres  is  impor- 
tant in  considering  their  mechanical  functions.  It  must  not  be 
supposed  that  the  centromeres,  since  they  belong  to  individual 
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chromosomes,  share  their  differentiation  and  hence  their  homology. 
There  is  no  reason  to  doubt  that  they  are  all  equivalent  in  structure 
where  they  are  equivalent  in  behaviour  and  that  they  have  a  common 
origin  as  well  as  a  common  function  (Muller  and  Painter,  1932,  D., 
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Fig.  155. — The  division  cycle  of  the  centromere  at  mitosis  and 
meiosis.  Univalents  at  meiosis  vary  between  the  mitotic 
and  meiotic  cycles.     (D.,  1935  g) 

1933,  Agapanthus).  The  differences  in  their  movement  at  anaphase 
and  in  the  condensation  of  special  chromosomes  at  prophase  may, 
however,  depend  on  differences  in  their  structure  [v.  infra). 

The  centrosomes  and  chromosomes  both  divide  between  mitoses. 
We  have  already  noted  some  evidence  of  the  time  of  division  of  the 
centromere.  Undoubtedly  it  has  divided  at  the  mitotic  anaphase. 
Most  observations  agree  that  it  is  undivided  at  the  first  meiotic 
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anaphase.  Moreover,  the  chromatids,  which  are  free  elsewhere,  are 
always  united  at  the  centromere,  and  therefore  presumably  by  the 
centromere,  until  the  second  metaphase.  This  is  clear  in  Drosophila 
even  at  the  first  metaphase  (Dobzhansky,  1934;  D.,  1934).  The 
centromere,  therefore,  divides  at  metaphase  in  mitosis  but  (owing  to 
the  precocity  of  the  first  metaphase)  not  until  second  metaphase  at 
meiosis  (D.,  1932).  The  best  test  of  this  view  is  functional.  If  we 
follow  its  behaviour  at  mitosis  and  meiosis  (cf.  Table  76)  we  see 
that  its  orientation  on  the  spindle  depends,  either  on  its  relationship 
with  another  centromere,  giving  co-orientation,  or  on  an  internal 
change  which  the  centromeres  of  univalents  undergo  to  permit  their 
auto-orientation  between  metaphase  and  anaphase.  Moreover,  the 
mitotic  chromosomes  at  metaphase  are  no  longer  capable  of  co- 
orientation.  When  they  are  united  by  pseudo-chiasmata  they  con- 
tinue to  show  auto-orientation  instead  of  co-orientation  (White, 

1935). 

Since  co-orientation  depends  on  non-division  and  pairing,  and 
auto-orientation  always  goes  with  division,  the  conclusion  follows, 
as  we  have  seen,  that  the  internal  change  permitting  orientation  is  a 
preparation  for  division  which  is  functionally  equivalent  to  it.  This 
pre-division  may  be  described  as  polarisation.  The  centromere  pre- 
sumably becomes  hour-glass  shaped.  The  fact  that  orientation  does 
not  occur  until  anaphase  in  univalents  at  meiosis  shows  that 
polarisation  itself  does  not  occur  before.  Nor  can  it  be  supposed 
that  the  separation  of  centromeres  is  determined  by  the  association 
of  the  chromatids  in  pairs,  for,  as  we  have  seen  in  the  diplochromo- 
somes,  produced  by  arrest  of  mitosis,  the  chromatids  can  be  asso- 
ciated in  fours  by  the  still  undivided  centromeres.  On  the  other 
hand,  the  normally  inert  centromere  of  a  daughter  univalent  may 
behave  in  an  exceptional  and  remarkable  way  :  it  may  divide 
transversely  to  give  two  fragments  at  second  anaphase  (Nishiyama, 
1933  b  ;  Philp,  unpub.,  on  Avena).  This  is  significant  in  indicating 
different  internal  organisations  and  different  methods  of  reproduc- 
tion in  the  centromere  and  in  the  rest  of  the  chromosome  thread. 
The  centromere,  therefore,  is  not  a  gene,  sensu  strict 0. 

These  observations  go  to  show  that  the  centromeres  resemble  the 
centrosomes  in  their  permanence,  in  their  dimensions  (so  far  as  these 
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are  constantly  recognisable),  in  their  cyclical  staining  properties,  and 
in  their  correlated  division  and  repulsion  cycles.  They  differ  from 
the  centrosomes,  however,  in  the  timing  of  their  division  and  in  its 
effects.  How  this  comes  about  we  can  discover  from  their  relations 
with  the  spindle. 

Table  76 

Relationship  of  the  State  of  the  Centromere  to  the  Movements 

of  the  Chromosomes 


State. 


I.  Unpolarised. 
[a)  Inert         (no 
centric         re- 
action) . 


(6)  Co -orientated. 


2.  Polarised      and 
auto-orientated . 


Occurrence. 


Univalent  at  first  meta- 
phase.  Daughter  uni- 
valent at  second  meta- 
phase. 


Configurations    of 
chromosomes     united 
by  chiasmata  at  first 
metaphase. 


Mitotic  or  second  meta- 
phase chromosome  or 
univalent  at  first 
anaphase. 


Behaviour. 


Lies  on  the  spindle,  but  has  no 
other  relationship  with  it.  No 
division.  No    movement 

except  from  body  repulsions. 
May  pass  to  polarised  state  at 
first  anaphase. 

Two  or  more  are  orientated 
with  respect  to  one  another 
and  to  the  spindle  and  move 
in  accordance  with  this 
orientation  at  anaphase.  No 
division. 

Characteristic  orientation  and 
congression  on  equatorial 
plate.  Always     precedes 

division.  Incapable  of  co- 
orientation,  even  when 
chromosomes  are  united  by 
pseudo-chiasmata  at  mitosis. 


We  have  already  seen  how  they  modify  the  shape  of  the  spindle  at 
metaphase  and  anaphase,  acting  on  it  in  a  similar  way  to  the  centro- 
somes. Indirect  evidence  of  this  action  may  be  obtained  from 
irregularities  of  meiosis.  In  many  plants  the  spindle  has  been 
found  to  control  in  some  way  the  formation  of  the  wall  between 
the  daughter-cells  formed  at  mitosis.  Its  changes  of  shape  can  be 
seen  in  the  living  cell  to  follow  the  growth  of  the  partition  (Belar, 
1929  h).  It  is  found  that  in  such  plants  when  pairing  has  entirely 
failed  a  cell-wall  or  cell-partition  may  be  formed  between  a  pole  of 
the  spindle  on  one  side  and  the  whole  body  of  the  chromosomes  on 
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PLATE  XV 

The  Centromere  at  Meiosis 

Fig.  I. — Pachytene  :  Agapanthns  iimhellatiis  (9  and  2  o'clock). 
Navashin-brazilin  preparation  given  to  the  author  by  the  late  Dr. 
Belling.      X  2700. 

Fig.  2. — Diplotene  :  Fritillaria  Elwesii.  Chiasma  on  each  side  of 
the  centromeres  of  an  AI  bivalent  (9  o'clock).  Flemming  —  gentian- 
violet.     X  1600. 

Fig.  3. — First  anaphase  in  Alstrcemeria  dividing  univalent  lagging 
on  the  equator  shows  its  two  centromeres.  (La  Cour,  unpublished, 
aceto-carmine  fixation.) 

Fig.  4. — First  metaphase  bivalent  of  Galtonia  candicans  with  two 
terminal  chiasmata.     (La  Cour  :   2B.E.  and  gentian-violet.) 

Figs.  5  and  6. — First  metaphase  in  Tradescantia  bvacteata  pre- 
treated  with  nitric  acid.  Flemming  —  gentian-violet.  Polar  view 
shows  five  of  the  six  centromeres  at  one  level,  side  view  two  pairs  and 
one  of  a  third  pair.      (La  Cour,  unpublished,  Fig.  152.) 
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the  other,  as  in  male  Hymenoptera  (Katayama,  1935,  in  haploid 
Triticum  monococcum,  and  Fig.  127).  Similarly  it  often  happens 
that  a  lagging  chromosome  at  first  anaphase  has  a  cell-wall  formed 
around  it  within  which  it  fonns  a  nucleus  (D.,  1929  b). 

When,  however,  an  acentric  fragment  is  left  on  the  plate  it  never 
forms  a  cell-wall.  Nor  do  chromatid  bridges  affect  the  formation 
of  a  cell-wall,  which  merely  cuts  through  them  (D.,  1929  b).  It 
therefore  seems  that,  while  the  bodies  of  the  chromosomes  are  rela- 
tively negUgible,  centrosomes,  spindle  poles  and  centromeres  are  of 
equivalent  importance  in  determining  cell-wall  formation  and  hence, 
we  must  infer,  in  their  action  on  the  spindle. 

(c)  The  Spindle  in  Movement.  The  uniformity  that  we  have  seen 
in  the  structure  and  function  of  the  spindle  in  no  way  corresponds 
to  a  uniformity  in  its  method  of  origin.  In  this  respect  it  is 
extremely  variable  and  we  have  to  find  out  how  far  its  variations 
are  mechanically  significant.  In  the  first  place  there  is  the  differ- 
ence between  those  spindles  which  develop  between  two  daughter 
centrosomes  while  they  are  still  close  together  and  those  which  arise 
from  two  poles  on  opposite  sides  of  the  nucleus.  The  first  charac- 
teristically gives  a  central  spindle,  as  found  in  Salamandra  and 
Aggregata,  where  the  long  chromosomes  lie  with  their  centromeres 
on  the  edge  of  the  plate  and  their  bodies  in  the  cytoplasm  (Belar, 
1926).  The  other  method  of  origin  characteristically  gives  a  spindle 
with  an  even  distribution  of  the  chromosomes  on  the  plate,  as  in 
the  Allium  type  of  the  higher  plants.  Variations  in  this  behaviour 
are  found  in  organisms  of  both  types.  The  early  cleavage  divisions 
in  Ambly stoma  are  of  the  Allium  type,  and  sometimes,  as  we  saw  in 
pollen  grains  of  Fritillaria  and  Ttdipa,  the  chromosomes  lie  entirely 
on  the  edge  of  the  plate.  Here  the  abnormality  goes  with  an  abnor- 
mality in  the  degree  of  contraction  of  the  chromosomes  and  in  the 
timing  of  the  division  of  the  centromeres.  The  peripheral  distribu- 
tion is  what  would  be  expected  with  a  higher  repulsion  from 
the  poles,  due  to  a  higher  charge  or  a  smaller  spindle,  and  variation 
in  this  direction  is  the  commonest  departure  from  the  even 
distribution  given  by  Meyer's  floating  magnets  {cf.  Kuwada,  1928). 
The  significance  of  a  relationship  of  distribution  and  timing 
abnormalities  will  be  seen  later. 
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A  second  important  difference  depends  on  the  presence  or  absence 
of  centrosomes.  This  problem  has  always  seemed  to  be  a  difficult 
one,  but  its  difficulty  does  not  lie  so  much  in  the  observation  of  the 
centrosomes  as  in  the  inference  of  their  action.  In  the  higher  plants 
no  centrosomes  are  seen,  but  the  behaviour  of  the  spindle  is  not 
sharply  distinguishable  from  that  in  animals,  in  which  centrosomes 
are  seen.  Abnormal  treatment  produces  multipolar  spindles  and 
accessory  nuclei,  formed  by  lagging  chromosomes  at  meiosis  inde- 
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Fig.  156. — Comparison  of  metaphase  and  anaphase  arrangements 
in  pollen  grains  and  pollen  tubes  of  TuJipa,  showing  the  effects 
of  chromosome  number,  cell  size  and  spindle  size  on  plate 
formation.     (Upcott,  1936.) 


pendently  of  the  spindle-poles,  fail  to  develop  a  normal  spindle  at 
their  second  division. 

The  extreme  opposite  of  the  central  spindle  type  of  mitosis  is 
found  in  the  pollen-tubes  of  plants  (Upcott,  1936  h).  Here  the 
nuclear  membrane  breaks  down  before  the  chromosomes  are  fully 
contracted,  possibly  by  the  premature  action  of  the  spindle.  There 
is  a  considerable  delay  in  congression  on  the  plate,  owing  presum- 
ably to  the  confined  space  of  deployment  for  the  chromosomes.  As 
in  other  cases  of  delay  in  congression,  the  spindle  lengthens  to  an 
exceptional  extent.    The  plate  is  restricted  in  width,  and  in  poly- 
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ploid  species  it  is  forced  to  lie  oblique  or  it  may  even  be  buckled. 
The  variations  in  position  of  the  anaphase  chromosomes  correspond 
with  those  of  the  metaphase  plate.  Here  we  see  a  combination  of 
spatial  and  timing  abnormalities,  the  second  required  by  the  first 
if  a  regular  division  is  to  ensue. 

The  distinction,  therefore,  between  these  three  types  of  spindle 
depends  on  timing  differences  and  is  co-ordinated  with  spatial 
limitations.  The  distinction,  on  the  other  hand,  between  these 
types  and  those  which  develop  before  any  poles  are  estabhshed 
is  very  important.  At  meiosis  in  the  Coccidae  and  in  some  other 
animals  each  bivalent  forms  its  own  spindle  orientated  indepen- 
dently of  the  others,  and  only  later  is  a  uniform  orientation  pro- 
duced, presumably  by  an  external  agency  (F.  Schrader,  1932). 
Already  we  have  seen  how  the  centromeres  influence  the  shape  of  a 
spindle  which  has  been  developed  by  the  centrosomes  or  pole- 
determinants.  Presumably,  independent  spindles  are  determined 
by  the  centromeres  coming  into  action  before  the  centrosomes.  In 
these  cases  and  in  others,  in  which  the  poles  begin  to  act  as  soon  as 
the  centromeres,  the  pole-determinants  are  not  located  in  any 
organised  bodies,  but  consist  presumably  in  a  diffuse  charge  on 
opposite  faces  of  the  cell.  Such  a  diffuse  charge  may  act  as  the 
opposite  pole  in  an  abnormal  unipolar  (or  monaster)  spindle  (e.g., 
Urechis,  Belar,  1933  ;  Triton,  Fankhauser,  1934  a  and  b  ;  and 
Sciara,  Metz  et  at.,  1926).  Here  the  chromosomes  range  themselves 
in  a  spherical  plate  around  the  defined  pole  and  their  daughter 
halves  are  divided  between  it  and  the  undefined  polar  surface. 

In  order  to  see  the  significance  of  the  centromere  spindle  we  must 
consider  a  fourth  type  of  spindle  formation,  viz.  the  intra-nuclear 
spindle.  In  the  Protista  generally,  in  Fungi,  and  occasionally  in 
the  higher  organisms  the  spindle  is  formed  inside  the  nucleus. 
It  may  be  controlled  by  definite  centrosome-like  bodies,  as  in 
Monocystis,  or  it  may  be  determined  by  a  less  localised  charge  on 
opposite  sides  of  the  nucleus  interacting  with  the  centromeres  as  in 
Cryptomonas  or  Pamphagus  [cf.  Belar,  1926).  The  question  then 
arises  as  to  why  the  spindles  can  be  formed  inside  the  nucleus  and 
by  the  centromeres  in  some  conditions,  but  are  never  formed  in 
this  way  in  the  greater  numbers  of  higher  organisms  where  the 
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activity  of  the  centromeres  has  been  made  clear  by  their  effect 
on  terminaHsation  at  meiosis.  The  answer  to  this  question  seems 
to  be  provided  by  observations  on  different  kinds  of  spindle  forma- 
tion in  Artemia  salina  (Gross,  1935).  In  the  cleavage  divisions  of 
the  egg,  spindles  are  developed  by  the  centrosomes  and  by  the 
centromeres,  independently  and  simultaneously.  These  spindles 
combine  and  their  combination  produces  metaphase.  At  meiosis 
on  the  other  hand  the  centrosomes  play  no  part  at  all  in  the  forma- 
tion of  the  spindle.  It  arises  entirely  within  the  nucleus,  presumably 
as  a  centromere  spindle.  But  before  this  spindle  develops  the 
nucleus  contracts  to  a  small  proportion  of  its  previous  size.  Now, 
so  long  as  a  nucleo-cytoplasmic  surface  persists,  the  difference  of 
structure  and  behaviour  on  the  two  sides  of  it  shows  it  to  be  acting 
as  a  type  of  semi-permeable  membrane.  The  sudden  contraction 
of  the  nucleus,  therefore,  probably  means  a  loss  of  water  and  an 
increase  in  the  concentration  of  whatever  large  molecules  are 
present  in  the  nuclear  sap  from  which  the  spindle  develops. 

The  effect  of  water-content  on  spindle-formation  has  also  been 
shown  in  two  ways  experimentally.  When  the  spindle  is  dehydrated 
it  lengthens  as  at  meiosis  with  non-pairing,  presumably  owing  to 
an  exaggeration  of  the  polar  repulsions  (Belar,  1929  a).  When  it  is 
hydrated  the  orientation  of  the  chromosomes  is  upset,  presumably 
owing  to  a  decline  in  all  repulsions  (Wada,  1935).  Thus  the  forma- 
tion of  the  spindle  must  be  supposed  to  depend  not  only  on  the 
action  of  repulsion  centres  such  as  centrosomes  and  centromeres  but 
also  on  the  presence  of  certain  materials  in  the  substrate  and  in  a 
certain  concentration.  Also,  since  the  changes  in  the  repulsion 
centres  (centrosomes  and  centromeres)  are  cyclical  and  independent, 
and  their  effects  upon  the  spindle  are  cumulative  and  related,  they 
must  be  co-ordinated  or  balanced  in  their  time  of  action.  Artemia 
shows  that  this  balance  may  be  achieved  in  different  ways. 

(vi)  The  Balance  Theory  of  Mitosis.  The  present  account  has 
shown  that  mitosis  takes  many  different  forms  so  far  as  its  external 
mechanics  is  concerned.  The  special  mechanical  systems  at  work 
in  many  of  the  aberrant  forms,  particularly  of  the  Protista,  cannot 
yet  be  analysed  in  detail,  although  they  provide  useful  materials 
for   comparison.     The   commoner   systems,   found   in   the   higher 
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organisms  having  large  chromosomes,  are,  however,  capable  of 
exact  comparison  and  accessible  to  experiment.  They  allow  of  a 
general  account  of  the  sequence  of  events  in  mitosis,  which  shows 
how  the  several  agents  concerned  combine  to  produce  a  regulated 
or  balanced  result  (D.,  1935  g). 

1.  Two  charged  centres  of  repulsion  or  centrosomes,  lying  in  the 
cytoplasm,  orientate  the  substrate  in  their  neighbourhood  in  such 
a  way  that  it  transmits  their  repulsions  most  efficiently.  This 
change  is  produced  by  the  orientation  of  long  chain  molecules  with 
water  associated  laterally  to  give  indirectly  an  orientation  of  water 
which  could  not  be  produced  directly.  An  effective  orientation 
therefore  depends  on  the  relative  concentration  of  water  and  chain 
molecules.  The  orientated  region  of  the  cytoplasm  invades  the 
nucleus,  when  its  surface  breaks  down,  and  constitutes  the  spindle 
of  which  the  centrosomes  are  the  poles. 

2.  The  result  of  the  orientation  is  to  give  a  medium  of  the  type 
of  a  liquid  crystal,  with  a  directionally  differential  dielectric  con- 
stant. Hence,  secondarily,  the  polarised  centromeres  of  mitotic 
chromosomes  and  the  paired  centromeres  of  mitotic  bivalents 
are  held  on  the  spindle  and  are  orientated  along  the  spindle-arcs 
where  their  repulsion  is  most  efficient. 

3.  The  centromeres  bearing  a  similar  charge  to  the  centrosomes 
are  forced  to  lie  midway  between  them  in  an  equatorial  plate,  which 
is  an  equilibrium  position  for  two  poles  and  one  centromere  at 
mitosis  and  for  two  poles  and  two  centromeres  at  meiosis.  The 
repulsion  of  the  poles  does  not  push  the  centromeres  off  the  spindle, 
since  this,  in  reducing  the  repulsion  between  paired  or  within  the 
polarised  centromeres,  would  increase  the  potential  energy  of  the 
system. 

4.  Being  themselves  charged,  the  centromeres  secondarily  react 
with  the  centrosomes  to  modify  the  shape  of  the  spindle,  so  that 
from  having  been  a  centrosome-spindle  it  becomes  a  joint  centro- 
some-centromere  spindle.  The  different  distributions  on  the  plate 
(solid  or  hollow)  are  equilibrium  positions  determined  by  the  body- 
repulsions  of  different  numbers  of  chromosomes  and  modified  by 
different  pole-repulsions. 

5.  This  repulsion  equilibrium  is  upset  by  the  decline  of  the  polar 
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repulsion,  accompanied  at  mitosis  by  the  division  of  the  centro- 
meres into  daughter  bodies  repelhng  one  another  like  those  of  biva- 
lents  at  meiosis  and  therefore  leading  to  their  anaphase  separation. 

6.  The  separation  of  the  chromosomes  at  anaphase  is  assisted 
by  the  change  of  shape  which  the  part  of  the  spindle  between  them 
undergoes  owing  to  its  lying  between  and  being  determined  by,  two 
plates  instead  of  two  poles  and  one  plate.  In  this  third  stage  it 
is  a  centromere  spindle. 

7.  The  formation  of  the  spindle  and  the  successful  orientation 
and  division  of  the  chromosomes  therefore  depends  on  a  balance 
in  the  strength  and  timing  of  the  cycles  of  division  and  repulsion 
of  the  centrosomes  and  centromeres.  This  balance  is  determined 
in  different  ways  in  different  types  of  mitosis.  In  higher  organisms 
the  most  important  condition  is  in  the  centromeres  lying  inside 
the  nucleus  while  the  centrosomes  lie  outside  in  a  substrate  with  a 
presumably  different  cycle  of  changes  in  hydrogen-ion  concentration. 
Most  changes  in  the  balance  give  unregulated  results,  such  as 
polymitosis  and  non-pairing  at  meiosis.  The  one  regulated  change 
is  that  produced  by  the  degree  of  precocity  of  the  external  cycle 
which  has  turned  mitosis  into  meiosis. 

4.  ULTRA-MECHANICS 

(a)  Introduction.  The  mechanical  hypotheses  that  have  been  dis- 
cussed so  far  provide  the  clue  to  certain  problems  of  chromosome 
movement,  especially  to  those  concerned  with  visible  movements. 
In  doing  so  they  should  also  present  us  with  a  new  means  of  approach- 
ing other  problems  of  chromosome  movement,  those  concerned  with 
movements  that  are  inferred  from  their  later  consequences.  And 
these  invisible  movements  in  their  turn  should  tell  us  something 
about  the  physico-chemical  conditions  underlying  the  mechanical 
properties  of  the  chromosomes  and  other  cell-components. 

The  first  of  these  problems  that  we  have  to  consider  are  the 
problems  of  chromosome  breakage.  They  are  concerned  with  two 
not  unrelated  aspects  of  breakage,  viz.,  crossing-over  and  structural 
change.  These  properties,  as  we  shall  see,  being  universal  and 
fundamental,  are  presumably  inherent  in  the  chromosome  thread. 

(h)  Crossing-over.     Many  of  those  who  have  put  forward  hypo- 
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theses  connecting  observed  structures  of  the  chromosomes  with 
the  occurrence  of  crossing-over  between  them,  have  supported 
their  views  with  hypotheses  explaining  what  forces  determined 
the  crossing-over.  In  some  cases  this  mechanical  proposal  merely 
added  an  ornament  that  was  lacking  in  Janssen's  original  teleo- 
logical  construction.  In  others  it  was  made  the  sole  foundation  of 
the  theory.  In  all  it  depended  on  the  assumption  that  the  coiling 
of  the  chromosomes  round  one  another,  at  the  various  stages  at 
which  it  was  thought  that  crossing-over  might  occur,  determined 
its  occurrence. 

Now,  however,  we  are  in  a  different  position.  On  the  one  hand 
we  know  the  exact  time  and  place  of  crossing-over.  And  on  the 
other  hand  the  forces  acting  on  the  chromosomes  at  different 
times  can  be  distinguished  and  related  according  to  their  origins 
as  well  as  according  to  their  effects.  The  paired  chromosomes  are 
relationally  coiled^  and  crossing-over  between  two  of  their  four 
chromatids  at  the  moment  of  their  origin  removes  this  coiling  and 
determines  a  chiasma  (D.,  1935  c  and  d). 

Crossing-over  consists  in  a  sequence  of  events,  presumably  a 
rapid  sequence,  at  the  end  of  the  pachytene  stage  of  meiosis.  Two 
chromatids  of  partner  chromosomes  break,  and  they  break  at 
exactly  opposite  points.  The  breakage  of  one  must  therefore 
determine  that  of  the  other  and  precede  it  in  time.  The  four  ends 
must  then  move  in  a  way  that  allows  them  to  come  together 
in  a  new  combination.  They  may  then  rejoin  to  form  two  new 
chromatids.  This  rejoining  presents  no  new  problem,  for  as  we 
have  seen,  ends  of  different  chromosomes,  free  and  unpaired,  are 
capable  of  rejoining  after  X-ray  breakage.  The  problem  consists 
in  the  original  breakages  and  the  movement. 

The  position  of  the  paired  chromosomes  at  the  end  of  pachytene 
can  be  exactly  defined.  Each  particle  is  associated  with  a  corres- 
ponding particle  of  the  partner  ;  it  is  undergoing  division  ;  the  two 
threads  are  twisted  round  one  another  by  relational  coiling.  The 
forces  at  work  can  be  similarly  defined.  The  lateral  association 
is  by  a  specific  attraction  between  successive  particles.  The 
relational  coiling  must  depend  on  the  action  of  a  second  force 
apart  from  the  specific  attraction,  a  longitudinal  cohesion.    These 
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two  forces  are  in  equilibrium,  for  pachytene  may  be  indefinitely 
prolonged  without  change.  Further,  the  attraction  must  be  posi- 
tionally  specific,  not  permitting  the  threads  to  slip  round  one 
another.  Such  a  specificity  implies  an  asymmetrical  molecular 
pattern  such  as  might  (since  the  time  of  Pasteur)  be  expected  in 
the  gene.  The  mechanical  position  may  be  imitated  well  enough 
by  releasing  two  woollen  threads  that  have  been  placed  alongside 
one  another  in  a  state  of  torsion.    Their  internal  molecular  relations 
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Fig.  158. — The  coiling  relationships  of  two  chromosomes  before 
(left)  and  after  (right)  crossing-over  has  occurred.  Right-hand 
chromatid  coiling  (r)  and  left-hand  chromosome  coiling  (L)  and 
chiasma  coiling  (L*).      (D.,  1936  df.) 

N.B. — The  production  of  the  equilibrium  of  pachytene  is  the 
object  of  all  spinning  operations. 

then  determine  a  longitudinal  cohesion.  The  entanglement  of 
their  fibres  represents  a  positional  specificity  of  attraction  which 
prevents  slipping.  The  two  threads  take  up  a  position  such  that 
the  torsion  of  their  internal  coiling  is  in  equilibrium  with  the 
opposite  torsion  of  their  relational  coihng  (Fig.  158). 

Such  is  the  position  when  the  chromosomes  begin  to  divide. 
The  daughter  chromatids  will  be  relationally  coiled  in  the  opposite 
direction  to  that  in  which  the  chromosomes  are  relationally  coiled. 
Division  is  bound  to  upset  the  equilibrium  in  two  ways.  First,  it 
abolishes  the  specific  attraction  which  works  only  between  pairs  of 
threads  and  therefore  only  between   the   new  chromatids.     The 
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chromosomes  begin  to  repel  one  another.  Secondly,  it  reduces 
the  longitudinal  cohesion,  for  the  new  half-threads  at  the  moment 
of  their  origin  must  needs  be  weaker  than  the  parent  threads. 
Now  the  first  change  will  reduce  the  torsion  of  the  threads  by 
uncoiling,  but  as  observation  has  shown,  uncoiling  is  very  slow 
(D.,  1935  c).  It  lags  behind  the  operation  of  the  forces  which 
determine  it.  The  second  change  on  the  other  hand  is  immediate. 
The  weakened  chromatids  are  therefore  exposed  to  an  unreduced 
torsion  and  one  of  the  four  breaks  under  the  strain. 

The  break  of  one  chromatid  causes  another  upset  of  equilibrium 
which  is  slight  but  sudden.  The  two  broken  ends  will  twist  round 
their  unbroken  sister  chromatids,  thus  releasing  the  coiling  of  the 
two  which  determined  the  breakage.  But  the  relational  coiling 
of  the  chromosomes  has  been  in  equilibrium  with  that  of  the 
chromatids.  The  release  of  that  of  one  pair  of  chromatids  therefore 
imposes  an  extra  strain  on  the  unbroken  pair.  Since  the  first  pair 
yielded  under  the  original  strain  the  second  pair  is  bound  to  yield 
under  the  increased  strain.  One  of  its  chromatids  will  break  at  a 
point  exactly  opposite  to  the  first  break,  since  the  strain  will  be 
greatest  at  this  point. 

The  breakage  of  the  chromatids  will  permit  the  uncoiling  of 
their  relational  coiling  in  both  chromosomes.  The  broken  chroma- 
tids will  reunite  when,  in  the  course  of  uncoiling,  one  of  their  ends 
first  meets  another.  This  will  always  be  the  end  of  a  chromatid 
of  a  partner  chromosome.  Crossing-over  will  have  occurred,  and 
when  the  lapse  of  attractions  leads  to  separation,  a  chiasma  will 
appear. 

On  this  view  crossing-over  depends  on  the  action  of  forces  that 
may  be  deduced  from  the  behaviour  of  chromosomes  at  earlier 
and  later  stages  of  their  history.  The  reason  for  its  occurrence  at 
meiosis  is  the  division  of  the  chromosomes  at  a  time  when  they 
are  paired  and  coiled  in  such  a  way  that  when  their  equilibrium  is 
upset  exceptional  strains  are  imposed  that  can  arise  in  no  other  way. 

The  cross-over  chromatids  cannot  be  distinguished  from  the 
non-cross-overs  at  a  late  diplotene  stage  because  the  chiasma 
has  by  this  time  become  symmetrical.  But  immediately  after 
the  chiasma  appears,  the  four  chromatids  can  often  be  seen  still 


CROSSING-OVER  551 

lying  in  one  plane  on  both  sides  of  it.  Two  chromatids  then  appear 
to  cross  one  another  at  the  chiasma,  and  it  has  usually  been  thought 
that  these  middle  threads  were  the  cross-over  chromatids.  On 
the  present  view  the  reverse  is  the  case.  The  middle  threads  still 
preserve  the  relational  coiling  of  the  chromosomes  which  is  lost 
in  the  outer  threads,  and  which  they  themselves  lose  just  afterwards. 
Experiments  with  wool  models  confirm  the  conclusion  that  the 
outer  chromatids  are  the  cross-overs.  They  also  show  that  a  variable 
amount  of  coiling  may  be  lost  by  each  crossing-over,  so  that  an 
estimate  of  the  proportion  lost  in  this  way  is  not  possible.  It 
would  appear  that  the  special  systems  of  crossing-over  relationships 
found  with  and  without  chromatid  interference  may  depend  on  the 
regulation  of  the  relative  transverse  positions  at  which  breakage 
may  occur  (D.,  1936  d). 

Various  corollaries  of  this  hypothesis  follow  :  (i)  Since  crossing- 
over  releases,  as  any  movement  must  do,  the  strain  that  determines 
it,  interference  is  inherent  in  the  assumption  of  a  longitudinal 
cohesion  which  will  transmit  this  strain  ;  (ii)  the  fact  that  crossing- 
over  is  not  reduced  in  proportion  to  the  length  of  chromosome  in 
triploids,  although  the  length  paired  is  reduced,  is  presumably  due 
to  the  total  amount  of  coiling  tension  being  proportionate  to  the  total 
length  of  the  chromosomes  and  not  to  the  length  paired ;  (iii)  the 
occurrence  of  interference  in  crossing-over  between  chromosomes 
on  the  other  hand  is  probably  not  due  to  conditions  at  the  time  at 
all  but  rather  to  an  interference  in  pairing  at  zygotene,  i.e.,  to  an 
average  capacity  for  the  nucleus  to  permit  pairing  before  division 
of  the  chromosomes,  the  amount  of  true  pairing  (as  opposed  to 
post-division  torsion  pairing)  being  the  variable  factor  limiting  the 
frequency  of  crossing-over  in  individual  chromosomes. 

It  is  now  possible  to  consider  the  special  relationship  of  the  centro- 
mere with  crossing-over  in  the  light  of  a  new  analysis  of  Drosophila. 
Mather  (1936)  finds  first  that  there  is  no  evidence  of  interference 
between  cross-overs  on  opposite  sides  of  the  centromere.  The 
centromere  is  therefore  an  interference-inhibitor.  Secondly,  he  finds 
that  the  crossing-over  in  a  given  arm  is  specially  distributed  in  rela- 
tion to  the  centromere.  The  distribution  is  of  the  same  kind  as  if 
the  centromere  were  a  point  of  constant  crossing-over.    The  centro- 
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mere  is  therefore  an  interference  centre.  Thirdly,  he  finds  that  the 
mean  distance  of  the  proximal  chiasma  from  the  centromere  is  a 
function  of  the  length  of  the  arm.  There  is  therefore  a  proximal 
region  with  no  crossing-over  which  no  doubt  when  long  established 
has  become  inert. 

The  double  and  contradictory  action  of  the  centromere  as  an 
interference  centre  and  an  interference-inhibitor  can  be  regarded  in 
the  light  of  the  present  mechanical  hypothesis  as  due  to  a  single  pro- 
perty, viz.,  that  the  centromere  reduces  or  even  abolishes  the  torsion 
on  the  adjacent  chromatids  at  the  moment  of  crossing-over  owing 
to  a  lack  of  longitudinal  cohesion  and  a  free  rotation  of  bonds. 
This  property  is  implied  by  the  failure  of  spiralisation  at  the  centro- 
mere. Hence  it  interferes  with  crossing-over  in  its  neighbourhood 
and  at  the  same  time  prevents  interference  acting  through  it,  since 
the  strain  on  either  side  of  it  can  be  reduced  no  further.  The 
action  of  the  centromere  is  probably  greater  than  that  of  a  cross- 
over in  reducing  strain,  since  it  seems  (at  least  in  Drosophila)  to 
interfere  with  crossing-over  for  a  greater  distance  than  crossing- 
over  itself  does.  This  means  that  crossing-over  leaves  an  average 
unreleased  strain  greater  than  zero,  a  conclusion  which  can  be 
deduced  directly  on  the  present  hypothesis  from  the  necessary 
discontinuity  in  uncoiling,  one  revolution  for  a  pair  of  chromatids 
being  the  indivisible  unit. 

The  action  of  the  centromere  implies  two  underlying  properties. 
First,  as  Mather  points  out,  that  crossing-over  should  begin  in  its 
neighbourhood.  Such  a  proximal  priority  has  been  observed  cytolo- 
gically  in  Fritillaria  (D.,  1935  b)  ;  it  is  conceivable  that  in  other-- 
organisms  the  ends  might  enjoy  priority,  and  crossing-over  show  a 
similar  end-relationship.  Secondly,  the  torsion-strain  between  the 
chromosomes  and  chromatids  must  be  released  at  the  centromere  by 
the  absence  of  longitudinal  cohesion,  while  separation  is  beginning. 
Since  there  is  no  evidence  of  any  plane  of  symmetry,  or  at  this  stage 
of  any  preparation  for  division,  in  the  centromere,  positional  speci- 
ficity must  certainly  be  lacking. 

The  special  length-frequency  relationship  found  in  Stenobothrus 
(Ch.  VII)  can  be  accounted  for  on  the  same  assumption  that  the 
average  distance  of  the  first  chiasma  from  the  centromere  is  a 
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function  of  the  length  of  the  chromosome-arm.  We  must  therefore 
suppose  that  in  Drosophila  and  in  Stenobothrus  the  average  strain  is 
also  a  function  of  the  length.  This  can  be  understood  in  the  follow- 
ing way  :  if  pairing  begins  near  the  centromere  or  near  an  end  and 
passes  along  the  chromosome,  the  strain  developed  will  be  a  function 
of  the  time  that  the  chromosomes  have  been  paired  before  equili- 
brium is  reached  (cf.  Fig.  30)  because  segments  that  pair  late  will 
partly  uncoil  first.  Some  equalisation  of  strain  will  then  take  place 
after  pairing  between  the  parts  of  the  arm.  The  average  strain  in  a 
long  arm  will  thus  be  less  than  in  a  short  arm  which  completed  its 
pairing  earHer. 

The  extent  to  which  the  torsion  is  released  at  the  centromere  can 
probably  be  measured  more  accurately  from  frequencies  of  chias- 
mata  than  of  crossing-over  in  the  progeny.  Two-armed  chromo- 
somes should  show  a  greater  variance  than  one-armed  chromosomes 
of  the  same  average  frequency.    There  is  no  evidence  of  this  as  yet. 

There  remains  to  be  considered  the  effect  of  exceptional  condi- 
tions, especially  X-ray  treatment,  on  crossing-over.  Its  normal 
occurrence  in  Drosophila  is  confined  to  the  prophase  of  meiosis, 
where  it  affects  all  pairs  in  the  female  and  the  sex  chromosomes  only 
in  the  male.  Exceptionally,  however,  it  occurs. somatically  (Stern, 
1934)  or  in  gonial  nuclei  before  meiosis,  e.g.,  crossing-over  in  the 
male  (MuUer,  1916,  p.  304).  This  may  also  be  inferred  where  groups 
of  gametes  are  formed  having  the  same  exceptional  crossing-over, 

e.g.,  detachment  of  XX  in  XXY  females  (Kaufmann,  1933 ;  Fig. 
121).  Crossing-over  is  increased  by  X-ray  treatment.  In  the  male, 
where  natural  crossing-over  is  too  rare  to  be  traced,  the  induced 
crossing-over  has  been  shown  to  take  place  somatically  (Friesen, 
1934,  1936  ;  cf.  Kikkawa,  1935  b ;  Patterson  and  Suche,  1934). 

Somatic  crossing-over  is  probably  peculiar  to  the  Diptera,  being 
conditioned  by  the  exceptionally  strong  somatic  pairing  of  the 
chromosomes  which  even  leads  to  relational  coiling.  It  seems  that 
this  will  not  itself  determine  crossing-over,  since  the  chromosomes 
do  not  divide  while  coiled,  but  if  one  of  their  chromatids  is  broken 
by  X-rays  at  the  earliest  prophase  the  result  should  be  the  same  as 
where  a  breakage  occurs  in  meiosis  ;  it  should  impose  an  increased 
strain  on  the  partner  chromosome  exactly  opposite  and  thus  lead  to 
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double  breakage  and  crossing-over.  Rare  natural  crossing-over 
would  be  due  to  rare  natural  breakage,  which  should  lead  to  the 
same  regular  result.  Where  crossing-over  follows  natural  breakage 
the  frequency  of  inversion,  translocation  and  other  structural 
changes  resulting  from  such  breakage  should  be  correspondingly 
reduced  for  the  reasons  we  shall  next  consider. 

(c)  Structural  Change.  Structural  changes  can  be  classified  from 
three  points  of  view,  according  to  their  modes  of  origin,  spatial 
relationships,  and  mechanical  and  genetical  results.  These  have  so 
far  been  treated  separately.  We  may  now  see  how  they  have  to  do 
with  one  another.  The  chromosomes  with  which  we  begin  are  the 
normal  efficient  chromosomes  with  one  centromere  and  two  ends. 
From  these  we  obtain  new  types  with  no  centromere  or  with  two, 
and  with  no  ends  or  with  three  or  four.  According  to  these 
mechanical  results  we  can  therefore  classify  chromosomes  in  the 
following  way,  giving  the  first  seven  types  initial  symbols  (Table  77). 


Table  77 
Mechanical  Types  of  Chromosomes 


Centromeres 

Ends 

0 

I 

2 

Many 

0 

Acentric  Ring  (a) 

Monocentric 
Ring  (c) 

Dicentric  Ring  (d) 

— 

2 

Acentric 

Efficient 

Dicentric 

Polycentric 

"  Fragment  "  (A) 

Chromosome  (C) 

Chromosome  (D) 

Chromosome  (P) 

3 

— 

Branched 
Chromosome 

— 

— 

4 

Diplo- 
Chromosome 

To  consider  next  the  genetic  relationships  of  structural  change, 
some  of  these  are  simple  and  others  very  complex.  Deficiency,  the 
loss  of  a  terminal  segment,  is  the  simplest,  since  it  can  affect  only 
one  chromosome,  dividing  it  into  a  monocentric  and  an  acentric 
fragment.  Deletion,  the  loss  of  an  intercalary  segment  of  a  chromo- 
some, requires  that  the  two  breaks  shall  be  intra-radial,  in  the  same 
arm  of  the  chromosome.     Inversion,  which  is  always  so  far  as  we 
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know  intercalary,  may  include  the  centromere  or  not.  When  it 
includes  the  centromere  it  is  the  same  as  internal  interchange,  that 
is,  interchange  within  the  chromosome.  Translocation  consists  in 
the  removal  of  an  intercalary  segment  from  one  position  to  another. 
It  may  be  intra-radial  or  extra-radial ;  it  may  be  internal  to  the 
chromosome  or  fraternal,  that  is,  between  two  homologues,  or 
external,  that  is  between  two  unrelated  chromosomes  ;  it  may  be 
eucentric  or  dyscentric.  Further,  translocation  may  be  symmetrical 
with  respect  to  the  centromere  or  not,  in  which  case  the  piece  removed 
contains  the  centromere  and  so  gives  rise  to  a  dicentric  and  an 
acentric  product.  Interchange  is  internal,  fraternal  or  external, 
but  it  may  be  balanced  or  unbalanced  and  more  or  less  unequal  with 
regard  to  the  sizes  of  segments  exchanged. 

These  differences  of  spatial  relationship  have  important  genetical 
results,  as  we  saw  in  considering  structural  hybridity  and  secondary 
structural  change.  By  crossing-over  all  intercalary  changes  give 
reduplications  and  deficiencies,  and  all  dyscentric  changes  give 
dicentric  and  acentric  products,  and  these,  whether  arising  in  this 
way  or  directly,  cause  breakage  and  loss. 

Thus  both  the  spatial  and  genetic  properties  of  a  structural  change 
condition  its  survival.  Acentric,  dicentric  and  ring  chromosomes 
suffer  mitotic  elimination  ;  dyscentric  changes,  whether  inversion  or 
translocation,  suffer  meiotic  elimination  ;  duplications  and  deficien- 
cies suffer  cellular  elimination,  that  is,  death,  either  immediate  or 
delayed,  of  the  whole  cells  containing  the  changed  chromosomes. 
These  last  two  do  not  depend  on  the  purely  spatial  properties  of 
the  change  but  on  its  genetic  consequences.  In  considering  any 
analysis  of  structural  changes  we  must  therefore  bear  in  mind  the 
degree,  kind  and  time  of  elimination  that  the  changes  may  have 
suffered  before  they  were  identified. 

The  spatial  relationships  of  structural  change  are  interesting, 
however,  from  another  point  of  view.  They  can  be  considered  in 
relation  to  the  number  of  breakages  and  number  of  reunions  of 
breakage-ends  required  to  produce  the  observed  result  (Haldane, 
unpub.).  Stadler  (1932)  has  pointed  out  that  all  viable  X-ray 
changes  are  apparently  due  to  the  reunion  of  breakage-ends.  This 
seems  to  be  true  except  in  the  formation  of  branched  chromosomes. 
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Fig.  159. — Diagram  showing  certain  simple  types  of  primary 
structural  change  in  relation  to  the  number  of  breaks  and 
reunions  required  to  make  them  and  the  character  of  the 
chromosomes  produced.     (Left)  before  change  ;    (right)  after. 
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In  translocation  a  segment  of  one  chromosome  is  never  attached  to 
the  end  of  another.  He  has  concluded  that  true  ends  cannot  rejoin 
and  therefore  have  a  specific  non-fusability.  Further,  the  indirect 
proportion  of  induced  structural  changes  to  X-ray  dosage  suggests 
that  they  sometimes  depend  on  two  hits,  not,  like  gene-changes,  on 
one.  This  at  least  is  true  of  the  changes  that  survive  in  breeding 
experiments.  Simple  deficiencies  from  one  breakage  would  not 
usually  survive. 

Table  78 

Analysis  of  certain  Simple  Structural  Changes  in  Terms 
of  Breakage  and  Reunion  {cf.  Table  77). 


Internal  (C 

) 

Fraternal  or  External  (C  +  C) 

Change 

Result 

Change 

Result 

I  Br.,  0  Re. 

Deficiency. 

C  +  A 

___ 

_ 

2  Br.,  I  Re. 

I.  Deletion. 

C  +  A 

— 

— 

2.  Double 

c  +  A  +  A 

— 

— 

deficiency. 

2  Br.,  2  Re. 

I.  Inversion. 

C 

I.  Symmetrical 
interchange. 

c  +  c 

2.  Double 

c  +  A 

2.  Asymmetrical 

D  +  A 

deficiency. 

interchange. 

3  Br.,  3  Re. 

Translocation 
eucentric          or 
dyscentric. 

C 

Translocation 
eucentric        or 
dyscentric. 

1.  Symmetrical 

2.  Asymmetrical 

c  +  c 

D  +  A 

Catcheside  (1935, 1936),  on  the  other  hand,  explains  the  reciprocity 
of  structural  changes  without  assuming  a  specific  non-fusabiUty  of 
the  ends.  He  infers  that  the  reciprocity  of  changes  is  simply  due  to 
the  high  unlikelihood  of  an  end  of  one  chromosome  lying  near  the 
point  of  breakage  of  another.  Stadler  considers  (from  the  behaviour 
of  reverse  mutation  islands)  that  there  is  an  unlimited  time-interval 
during  which  breakage-ends  could  reunite.  This  view  seems  unten- 
able in  his  particular  examples,  since  acentric  fragments  are  nearly 
always  lost  at  mitosis. 

Ring  chromosomes  in  Zea,  perhaps  through  interlocking  at 
anaphase,  form  double  dicentric  rings  which  break  Uke  the  bridges 
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in  inversion  hybrids.  But  unlike  them  (according  to  Rhoades  and 
McQintock,  1935)  these  double  broken  bridges  form  new  rings  again. 
There  is  no  evidence  yet  of  this  happening  to  broken  bridges  after 
meiosis.  In  these  it  must  be  assumed  undoubtedly  where  the  bridges 
are  single  that  the  new  ends  become  normal  ends.  Their  survival  as 
ends  explains  the  occurrence  of  lateral  chiasmata.  There  is,  therefore, 
some  difficulty  in  supposing  that  delayed  re-fusion  occurs.  And 
hence  there  is  also  a  difficulty  in  assuming  a  specificity  in  ends 
without  the  additional  obnoxious  assumption  that  breakage-ends 
change  and  become  true  ends  later. 

Catcheside,  on  the  other  hand,  considers  that  breakage-ends  must 
reunite  immediately.  His  two  assumptions  of  reciprocity  and  imme- 
diate fusion  make  structural  change  strictly  analogous  to  crossing- 
over,  as  it  is  described  above,  and  thus  simplify  the  whole  problem. 

In  order  to  understand  the  apparent  non-fusability  and  conse- 
quent permanence  of  ends  it  is  necessary  to  consider  the  mechanics 
of  breakage  and  reunion.  The  process  like  crossing-over  demands 
movement  :  the  breakage  ends  must  move  towards  one  another 
before  they  can  reunite.  This  movement  may  be  due  to  attraction 
between  the  ends  or  to  change  within  the  broken  chromosomes  as  in 
the  case  of  crossing-over.  The  first  explanation  agrees  with  the 
view  that  the  breakage-ends  have  a  power  of  attraction  that  the 
true  ends  lack.  The  second  explanation  agrees  with,  and  indeed 
itself  explains,  non-fusability  of  the  ends,  in  this  way  :  the  relic 
spirals  show  a  state  of  stress  of  all  parts  of  the  chromosome  except 
the  ends,  for  these  are  free  to  uncoil.  Two  breakage-ends  are  at  once 
released  from  this  stress  and  will  fly  apart  from  one  another.  They 
are  expected  to  move  when  broken,  although  true  ends  would 
not. 

Whatever  the  mechanical  conditions,  however,  their  conse- 
quences are  now  clear.  We  have  to  consider  the  type  of  change 
produced  in  relation  to  its  survival  at  mitosis,  and  in  growth  and 
reproduction. 

Survival  at  mitosis  depends  on  whether  they  are  efficient  chromo- 
somes, i.e.  on  whether  they  have  one  centromere  and  two  ends, 
or  are  inefficient,  i.e.  having  more  or  fewer  centromeres  or  ends.  The 
permanence  of  centromeres  and  ends,  however,  has  two  important 
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evolutionary  consequences,  and  ones  that  can  be  tested.  First, 
any  organism  that  has  more  chromosomes  than  any  particular 
ancestor  must  have  had  a  centromere  and  has  probably  had  two 
ends  reduplicated.  Secondly,  these  centromeres  and  ends  will  be 
associated  with  groups  of  genes  in  the  same  linear  order  up  to  the 
point  at  which  the  first  structural  or  gene  changes  have  occurred. 
In  other  words,  the  chance  of  finding  homologous  series  of  genes 
within  a  haploid  set  is  greatest  next  to  the  ends  and  next  to  the 
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Fig.  i6o. — Diagram  to  show  how  "  fusion  "  and  "  fragmentation  " 
can  arise  by  unequal  interchange  followed  by  loss  and  gain 
respectively  of  the  smaller  product. 


centromeres  and  diminishes  as  we  proceed  away  from  them. 
Catcheside  (1933)  in  haploid  (Enothera  and  Nishiyama  (1934)  in 
triploid  Avena  have  found  pairing  within  the  haploid  set,  but 
only  at  or  near  the  ends.  Incidentally  we  may  notice  that  if  by  the 
chances  of  breakage  a  centromere  becomes  an  end  it  will  remain 
an  end. 

If  the  centromeres  are  permanent  structures  not  arising  de  novo 
and  are  also  necessary  for  the  perpetuation  of  chromosomes  at 
mitosis,  an  important  conclusion  follows.  Increase  and  decrease 
of  chromosome  numbers,  such  as  has  been  loosely  attributed  to 
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"fragmentation"  and  "fusion"  in  the  past,  can  arise  only  by 
gain  and  loss  of  centromeres.  And  since,  so  far  as  we  know,  all 
such  changes  apart  from  simple  loss  or  gain  of  chromosomes  depend 
on  structural  changes  occurring  at  random  in  the  chromosomes, 
we  have  to  consider  how  they  could  arise  without  fatal  inconvenience 
to  the  organism.  It  seems  that  this  would  be  achieved  most  probably 
by  unequal  interchange.  Thus  two  rod-shaped  chromosomes  with 
sub-terminal  centromeres  interchanging  would  give  a  single  V-shaped 
chromosome  and  a  very  short  fragment  which  might  then  be  lost, 
and  the  chromosome  number  reduced.  On  the  other  hand  if  the 
fragment  were  retained  along  with  the  unchanged  types  the  chromo- 
some number  would  be  increased.  The  first  would  depend  on  the 
region  near  the  centromere  being  inert  ;  the  frequent  occurrence 
of  inert  supernumerary  fragments  shows  that  this  is  often  the  case. 
In  Fritillaria,  where  such  fragments  are  formed,  the  expected 
concomitant  changes  in  number  and  form  of  the  chromosomes 
are  also  found  in  comparing  different  species  (D.,  1935  g).  It  seems, 
therefore,  that  the  direction  of  change  of  chromosome  number  must 
be  conditioned  by  the  genetic  activity  or  inertness  of  the  proximal 
parts  of  the  chromosomes.  Evolutionary  stability  of  basic  chromo- 
some numbers  means  activity  of  genes  near  the  centromere  and 
the  ends.     Instability  means  their  inertness. 

(d)  The  Molecular  Basis  of  Cell  Mechanics.  In  considering  the 
internal  and  external  mechanics  of  the  chromosomes  we  find  a 
wide  range  of  movements  which  are  co-ordinated  in  time  and 
therefore  necessarily  related  in  cause.  In  order  to  understand  their 
causation  we  must  pursue  the  study  to  lower  levels  of  integration, 
to  colloidal  and  molecular  dimensions.  Having  inferred  movements 
from  changes  in  structure,  we  must  infer  structure  from  differences 
in  movement. 

Let  us  take  first  the  internal  changes  in  the  chromosomes.  They 
require,  as  we  have  seen,  changes  in  a  molecular  spiral.  Long 
molecules  of  a  chain  structure  must  be  twisted  spirally.  Such 
changes  of  shape  are  characteristic  of  certain  protein  molecules 
and  may  be  determined  in  various  ways,  the  most  obvious  being 
by  a  change  in  the  surface  electrical  conditions,  which  will  necessarily 
change  the  internal  spatial  equilibrium  of  the  molecule  {cf.  Koltzoff, 
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1928  ;  Astbury,  1933  ;  Caspersson  and  Hammarsten,  1935  ;  Wrinch, 

1936). 

Turning  to  the  external  movements  of  the  chromosomes  we 
have  already  seen  that  they  must  be  determined  by  surface  charges 
— or  double  electrical  layers — of  different  intensities  on  different 
cell-organs — chromosomes,  centromeres,  centrosomes,  nuclear  mem- 
branes and  cell-walls.  Haldane  (unpublished)  calculates  that  two 
spheres,  like  the  centromeres,  of  diameter  2500  A°  at  a  distance 
apart  of  10,000  A°  (i  jx)  in  a  medium  of  dielectric  constant  81 
and  at  a  potential  difference  from  this  medium  of  100  mv.  would 
repel  one  another  with  a  force  equal  to  67,000  times  their  weight. 
Electrical  potential  differences  of  an  order  that  is  known  in  living 
systems  will  therefore  determine  a  force  sufficient  to  affect  chromo- 
somes perceptibly  at  the  distances  at  which  they  are  seen  to  move 
apart,  an  action  that  will  be  reinforced  by  the  special  dielectric 
conditions  that  we  have  inferred  from  the  properties  of  the  spindle. 
The  spindle,  as  we  saw,  develops  its  molecular  orientation  under 
the  influence  of  an  electrical  field  and  has  the  character  of  a  liquid 
crystal. 

The  existence  of  different  and  changing  surface  charges  on 
different  cell-organs  may  be  inferred  in  an  entirely  different  way, 
from  their  different  and  changing  fixation-staining  reaction.  This 
reaction  is  conditioned  by  the  surface  charge  on  the  bodies 
concerned,  and,  as  we  have  seen,  it  passes  through  a  cycle  of 
changes  co-ordinated  with  the  mitotic  cycle  {cf.  Yamaha,  1935). 

The  next  question  that  arises  is  how  a  surface  charge  comes  to 
be  developed  on  certain  cell-structures.  The  reason  is  that  any 
amphoteric  electrolyte,  such  as  a  protein,  lying  in  a  medium  not 
at  its  iso-electric  point  will  develop  a  surface  charge  (or  strictly,  a 
double  electric  layer).  Different  cell-organs  have  different  surface- 
charges  because  the  charge  is  a  function  of  the  difference  between 
the  pH  of  the  medium  and  the  iso-electric  point  of  the  ampholyte 
concerned.  Hence  also  the  cycle  of  changes  in  surface  charge 
on  each  organ  implies  a  cycle  of  changes  in  the  pH  of  the  medium. 
And  hence,  again,  comparable  organs,  the  centromeres  and  centro- 
somes, within  and  without  the  nucleus,  must  have  a  different  cycle 
of  changes.    Finally,  we  must  recall  that  the  pH  cycle  inferred  from 


562  CELL   MECHANICS 

these  external  movements  is  also  to  be  inferred  from  the  internal 
rearrangements  implied  by  the  spiralisation  cycle. 

While  the  iso-electric  point  of  the  surface  molecules  will  determine 
the  surface  charge  at  any  one  point,  other  things  being  equal, 
the  surface  charges  at  different  points  will,  of  course,  interact 
and  cause  a  secondary  distribution  not  directly  conditioned  by 
surface  molecular  structure.  To  this  is  probably  to  be  ascribed 
the  "  precocious  condensation  "  or  staining  of  the  proximal  parts  of 
chromosomes  irrespective  of  their  internal  constitution.  Nor  must 
we  forget  that  this  behaviour  is  correlated  with  precocious  division 
of  these  parts,  division  being  itself  controlled  by  electrical  conditions, 
and  as  we  have  seen,  in  certain  cases  by  the  possession  of  a  centro- 
mere. Still  more  important  will  be  the  effect  of  a  localised  charge  on 
the  viscosity  of  the  chromosome  thread  and  its  transmission  of 
torsions.  The  control  of  the  distribution  of  crossing-over  by  the 
centromere  must  depend  partly  on  this  property. 

Thus  at  every  phase  of  their  life  one  particle,  the  centromere, 
governs  the  activities  of  the  chromosomes.  It  can  do  so  because 
it  is  in  them  but  not  of  them.  The  centromere  agrees  with  the 
chromomeres  and  the  chromosome  thread  in  its  property  of  linear 
arrangement  and  regulated  reproduction.  It  disagrees  with  them 
in  its  cycle  of  reproduction  and  repulsion,  its  surface  charge  and 
staining  capacity,  its  lack  of  longitudinal  cohesion  and  spiralisation. 
In  all  these  respects  it  is  related  rather  to  the  centrosomes,  from 
which  it  differs  merely  in  its  position  on  the  gene-thread.  On 
these  cardinal  similarities  and  differences  of  structure  and  behaviour 
depends  that  co-ordination  of  centric  and  genie  reactions  which 
makes  reproduction  and  heredity  possible. 

Cell  genetics  led  us  to  investigate  cell  mechanics.  Cell  mechanics 
now  compels  us  to  infer  the  structures  underlying  it.  In  seeking 
the  mechanism  of  heredity  and  variation  we  are  thus  discovering 
the  molecular  basis  of  growth  and  reproduction.  The  theory  of 
the  cell  revealed  the  unity  of  living  processes  ;  the  study  of  the 
cell  is  beginning  to  reveal  their  physical  foundations. 
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INTERPRETATION 

Take  the  nucleus — what  is  it  ? — apparently  no  more  than  a  pellicle  or 
skin,  a  mere  bladder  containing  fluid  ! 

W.  B.  Hardy,  1925. 

The  cytologist  investigating  chromosomes  chiefly  depends  on  the 
observation  of  fixed  and  stained  material.  He  has  two  means  of  judging 
the  value  of  particular  preparations  for  his  studies.  The  first  is  by  the 
inductive-deductive  method.  The  effect  of  particular  reagents  and 
treatments  on  particular  structures  is  determined,  laws  of  behaviour  are 
induced,  and  from  these  the  value  of  any  particular  treatment  deduced. 
This  method  has  been  attempted  earlier  (by  Fischer,  Yamaha  and 
others),  but  it  has  never  yet  been  practicable  because  the  character  of 
the  organisms  treated,  the  methods  of  treatment,  the  reagents  used,  and 
the  objects  pursued,  are  all  so  very  diverse  in  relation  to  the  amount  of 
comparative  study  that  can  be  carried  out.  He  therefore  has  to  resort 
to  a  second  more  empirical  method  as  being  of  more  immediate  practical 
importance. 

This  method  is  the  method  of  comparison  of  observations,  and  it 
may  be  applied  in  three  ways  : — 

(i)  The  observations  may  be  compared  with  those  of  living  material 
of  the  same  organism  at  the  same  stage  of  development.  This  test  has 
been  usefully  applied  in  the  resting  nucleus  (Schaede),  in  the  prophase  of 
meiosis  (PL  XVI)  and  elsewhere,  but  it  is  necessarily  of  restricted  use 
with  the  ordinar}^  microscopic  technique. 

The  ultra-violet  microscope  has  increased  resolving  power  and 
increased  selectivity  both  in  regard  to  focus  and  absorption.  Thus 
photographs  of  living  cells  taken  by  ultra-violet  light  have  a  sharper 
definition  and  much  sharper  contrast  at  a  higher  magnification. 
Chromosomes  particularly  have  a  strongly  differential  absorptive 
capacity  as  compared  with  cytoplasm,  not  only  during  mitosis  but — and 
this  may  prove  of  the  greatest  significance  in  relation  to  the  theory  of 
continuity — also  during  the  resting  stage.  It  has  already  been  possible 
to  take  photographs  of  living  cells  agreeing  with  those  hitherto  taken  of 
fixed  and  stained  cells  and  in  some  respects  equally  instructive  (PI.  XVI). 
This  method  evidently  has  an  important  future,  especially  perhaps  in 
the  study  of  stages  in  the  chromosome  history  of  organisms  which  have 
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not  proved  amenable  to  observation  by  the  customary  methods  (Lucas 
and  Stark,  1931). 

In  the  saUvary  glands  it  has  been  possible  with  ultra-violet  light  to 
discriminate  between  chromomeres  that  were  not  distinguishable  in 
visible  light,  but  whose  separate  existence  was  inferred  from  the 
occurrence  of  X-ray  breakages  (Ellenhorn,  Prokofieva  and  Muller, 
1935)-  Similarly,  the  use  of  X-rays  for  changing  genes  and  for  breaking 
the  chromosome  thread  has  superseded  direct  observation  as  a  means 
of  testing  such  delicate  questions  as  the  time  of  division  of  these 
structures.  Direct  X-ray  photography  has  not  yet  been  brought  to 
bear  on  the  chromosomes  and  the  spindle  [cf.  Astbury,  1933). 

Evidently  visible  light  can  no  longer  be  regarded  as  the  final  instru- 
ment of  observation  for  chromosomes.  Our  senses  have  been  sur- 
passed by  intermediate  mechanisms  and  in  this  way  the  old  objection 
to  cytology,  tot  capita,  tot  sensus,  together  with  its  stale  controversies, 
will  be  put  on  one  side. 

(ii)  The  observations  may  be  compared  with  those  of  related 
organisms  at  the  same  stage  of  development  (after  similar  or  different 
treatment).  In  this  way  a  study  of  the  chromosomes  at  mitosis  and 
meiosis  in  material  which  has  satisfied  the  first  kind  of  test  enables  us 
to  conclude  that  such  structures  as  constrictions  and  chiasmata  are 
present  in  other  material  less  suitable  for  study  on  account  of  the 
concomitant  conditions  found,  e.g.,  an  inturned  bend  in  the  chromosome 
at  the  constriction  or  a  change  of  plane  in  a  diplotene  loop  or  opening 
of  the  chromatids  in  anaphase  at  the  chiasma.  The  same  criterion  has 
been  used  to  show  that  multiple  ring  formation  at  meiosis  is  the  result  of 
normal  development  of  structurally  dissimilar  chromosomes,  in  hybrids. 

(iii)  The  observations  may  be  compared  with  those  of  the  same 
material  at  the  stages  immediately  preceding  and  following.  This 
method  is  essential  in  the  interpretation  of  meiosis  in  regard  to  the 
pairing  of  the  chromosomes,  the  movements  of  chiasmata,  the  separation 
at  anaphase,  the  frequency  of  association,  and  so  forth,  and,  in  examin- 
ing these,  quantitative  methods  are  often  necessary.  Developmental 
comparison  has  shown  the  invalidity  of  various  theories  of  pairing  and 
crossing-over.  Developmental  comparison  is  equally  essential  for 
many  minor  inferences.  For  example,  nucleolar  material  surviving 
to  metaphase  at  meiosis  in  many  forms  may  be  mistaken  for  free  small 
chromosomes  produced  by  fragmentation  unless  different  stages  are 
compared  critically. 

It  is  not  yet  possible  to  show  the  whole  course  of  meiosis  in  all 
organisms  on  account  of  two  major  difficulties  :  (i)  The  occurrence  of 
stages  when  the  chromosomes  are  collapsed  to  one  side  of  the  nucleus  ; 
this  is  usually  at  zygotene  and  diplotene,  probably  for  the  reason  that 
the  chromosomes  at  these  stages  are  slenderer  than  at  the  stages 
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Figs.  1-3. —  Diakinesis  in  Stenohothms  lifieatus.  (From  Belar,  1927.) 
Fig.  I,.  Living  cells.  Fig.  2.  The  same  cells  after  fixation  with 
osmium  tetroxide  vapour  and  Flemming.  Fig.  3.  The  same  cells 
after  staining  with  Giemsa-Romanovsky. 

Figs.  4-7. — Photographs  of  living  chromosomes  of  Melanoplus  femur 
ruhnmi  (Orthoptera)  at  meiosis,  taken  b}^  ultra-violet  light.  (After  Lucas 
and  Stark,  1931,) 

Fig.  4.  Late  telophase  before  meiosis.  X  1800,  Fig.  5. 
Pachytene,  x  1800.  Fig.  6.  First  anaphase  showing  probable 
dicentric  bridge.      X  1200.     Fig.  7.     First  telophase.      X  1200. 
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between  them  and  following  them,  so  that  sudden  dehydration  leads  to 
extreme  distortion,  (ii)  The  occurrence  of  a  diffuse  stage  when,  as 
though  in  a  resting  stage,  the  chromosomes  are  lost  to  sight.  Either  of 
these  interruptions  is  fatal  to  the  study  of  the  succession  of  stages, 
and  both  may  occur  in  the  same  species  (Chick,  1927,  on  Benacus). 
These  difficulties  make  the  comparative  method  even  more  important 
in  studying  meiosis. 

The  application  of  the  comparative  method  enables  us  to  take  a 
more  objective  view  of  the  nature  of  artefacts  than  is  commonly  done. 
Artefact  has  been  one  of  those  words  that  "  plainly  force  and  overrule 
the  understanding."  An  artefact  is  an  appearance  that  arises  from 
treatment.  All  living  organisms  are  therefore  liable  to  show  artefacts 
when  they  are  killed,  and  they  may,  as  Belar  (1928,  pp.  3-4)  pointed 
out,  reveal  "  vital  "  artefacts  while  still  showing  signs  of  normal  life, 
e.g.,  the  collapse  of  the  chromosomes  referred  to  above.  These  follow 
merely  from  manipulation.  But  in  ordinary  treatment  manipulation  is 
followed  by  fixation  (coagulation  and  hardening)  and  staining  (differen- 
tial absorption  of  dyes).  Both  of  these  may  lead  to  artefacts.  The  fact 
that  stains  are  apparently  of  three  degrees  of  directness  :  (i)  those 
which  stain  cell-structure  differentially  in  the  first  instance  [e.g.,  Giemsa), 
(ii)  those  which  stain  uniformly  and  are  de-stained  differentially 
{e.g.,  gentian  violet),  (iii)  those  which  are  de-stained  differentially  after 
mordanting  [e.g.,  iron-haematoxylin),  is  probably  not  of  great  import- 
ance, for  the  decisive  differential  reaction  is  in  all  cases  a  single  one,  and 
judged  by  the  results,  under  suitable  conditions  of  fixation,  it  is  of  the 
same  degree  of  specificity.  The  differences  in  effect  of  treatment  are 
therefore  almost  entirely  conditioned  by  differences  in  fixation  to  which 
staining  is  secondary. 

No  appearance  of  treated  material  is  definitely  free  from  artefact  nor 
is  any  appearance  "  pure  "  artefact.  The  question  is  therefore  not  so 
much  whether  an  appearance  is  an  artefact  but  how  significant  the 
artefact  is.  For  this  purpose  comparison  enables  us  to  distinguish  those 
that  are  characteristic  from  those  that  are  not,  as  follows  : 

(i)  The  collapse  of  the  chromosomes  to  one  side  of  the  nucleus  is 
characteristic  of  two  stages  of  meiosis  and  is  not  found  in  the  prophase 
of  the  abortive  meiosis  of  parthenogenetic  aphides  (Morgan,  19 12), 
although  it  is  found  in  the  normal  prophase.  The  reason  for  this  has 
been  shown  above,  (ii)  The  chromomere  structure  of  the  early  prophase 
chromosome  is  a  characteristic  artefact  because  homologous  chromo- 
somes in  the  same  nucleus  show  similar  chromomeres.  (iii)  The  spiral 
structure  seen  after  squeezing  living  chromosomes  is  characteristic,  but 
the  fractured  structure  seen  when  they  are  squeezed  after  fixation  is 
not.  (iv)  The  fibrillar  structure  of  the  shrunk  spindle  is  characteristic 
and  is   derived   from   a   special   arrangement  of  differently  hydrated 
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particles  in  it.  (v)  The  anastomosed  structure  seen  in  the  resting 
nucleus  by  Sharp  and  Martens  is  non-characteristic.  It  cannot  be 
related  to  structures  seen  earlier  or  later  (Ch    II). 

Having  excluded  non-characteristic  artefacts,  we  may  then  consider 
the  significance  of  different  kinds  of  characteristic  artefact.  The 
comparative  method  at  once  shows  us  that  some  correspond  closely  with 
living  conditions,  e.g.,  the  chromomere  structure,  while  others  are 
definitely  abnormal  and  peculiar  to  the  effects  of  treatment  on  certain 
organisms,  e.g.,  the  contraction  in  the  prophase  of  meiosis. 

The  artefactual  nature  of  the  spiral  structure  of  the  chromosomes 
seen  in  smear  preparations  of  metaphase,  particularly  of  meiosis,  is 
shown  by  the  optical  homogeneity  of  the  living  chromosomes.  Its 
characteristic  nature  is  shown  by  its  relationship  with  uncoiled  pre- 
treated  spirals  as  well  as  with  relic  spirals  at  the  following  telophase 
and  prophase.  It  depends,  therefore,  on  a  characteristic  and  artefactual 
differentiation  of  the  chromosome  into  staining  and  non-staining  parts. 
The  products  of  this  differentiation  have  been  named  "  chromonema  " 
and  "  matrix  "  and  have  been  given  a  developmental  significance. 
Such  a  significance  they  cannot  have  in  view  of  their  artefactual  nature. 
They  depend  on  the  different  types  of  coagulation  to  which  chromo- 
somes, like  milk,  are  subject.  The  matrix  is  the  whey,  which  is  separated 
from  the  curd  by  fixation.  It  does  not  exist  morphologically  or 
mechanically  until  the  chromosomes  are  fixed,  however  useful  its 
distribution  may  be  in  enabling  us  to  determine  what  the  internal 
structure  of  the  chromosome  may  be.  In  its  use  to  fill  a  morphological 
and  mechanical  role  in  the  living  chromosomes  the  word  matrix  is 
nothing  more  than  a  myth  (D.,  1935  e). 

Genetical  inferences  are  subject  to  other  kinds  of  error.  They  are 
derived  from  observations  of  mitosis  and  meiosis.  In  mitosis  assump- 
tions are  made  which  are  correct  except  for  certain  exceptional  cases. 

(i)  It  is  assumed  that  the  chromosome  complement  seen  at  one 
division  is  characteristic  of  the  individual  and  even  of  the  species.  The 
exceptions  to  this  rule  (based  on  the  theory  of  permanence)  are  so  few 
that  it  can  be  satisfactorily  applied  in  practice  unless  there  are  a  priori 
reasons  for  expecting  lack  of  constancy  (as  in  the  examination  of 
mutants  or  geographical  races). 

(ii)  It  is  assumed  (also  on  the  basis  of  the  theory  of  permanence)  that 
differences  between  species  in  the  size  of  their  chromosomes  will  be 
maintained  in  their  hybrids  and  derivatives.  The  observations 
described  earlier  (Ch.  Ill)  show  that  this  conclusion  is  not  necessarily 
true,  although  experimental  evidence  is  still  confined  to  few  and 
exceptional  cases.  Since  genetic  properties  influence  chromosome  size 
and  length  where  two  related  species  have  chromosomes  of  different  size 
or  length  but  are  otherwise  comparable,  it  is  rather  to  be  assumed  that 
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this  difference  is  due  to  a  genetic  difference  and  that  therefore  the 
hybrid  will  fail  to  show  it.  But  there  is  another  restriction  to  this  type  of 
inference,  viz.,  the  different  effects  of  the  same  treatment  on  chromo- 
somes of  related  species.  Such  different  effects  are  probably  responsible 
for  the  differences  in  the  size  of  chromosomes  observed  by  Farmer  and 
Digby  (19 1 4)  in  diploid  and  tetraploid  Primula  kewensis,  suggesting 
that  the  tetraploid  was  derived  by  transverse  splitting  of  the  chromo- 
somes, and  by  Tischler  (1928)  between  species  of  Rihes,  suggesting  that 
autosyndesis  occurred  in  the  hybrid  {cf.  Meurman,  1928  ;  D.,  1929  d), 
because  large  and  small  pairs  of  chromosomes  were  found  there  {cf. 
Upcott,  1936  b  on  Msculus  ;  v.  Berg,  1931  b  on  Mgilops). 

In  meiosis,  erroneous  assumptions  have  been  made  and  still  are  made 
with  regard  to  the  pairing  of  chromosomes,  such  as  the  following  : — 

(i)  Pairing  has  been  held  to  be  determined  by  "  affinity  "  between 
chromosomes  {cf.  Dobzhansky,  193 1).  It  is  therefore  constant  (under 
constant  external  conditions),  and  a  few  observations  are  an  accurate 
measure  of  this  "  affinity."  Chromosomes  which  do  not  pair  are  not 
"  homologous."  In  this  way  a  simple  rule  is  made  for  analysing  the 
relationships  and  even  phylogeny  of  species.  The  conclusions  derived 
from  these  imperfect  assumptions  are  of  doubtful  value  {e.g.,  in  Nico- 
tiana).  Even  with  quantitative  analysis  {e.g.,  in  Triticum-Aigilops 
hybrids)  it  is  doubtful  whether  relationships  can  be  accurately  assessed 
because  {inter  alia)  the  differences  in  the  chromosomes  which  reduce  their 
pairing  are  not  necessarily  directly  related  to,  and  therefore  proportional 
to,  the  differences  which  determine  genetic  differences  in  the  organism 
(f.  Ch.  V). 

(ii)  Ring-formation  has  been  held  (by  adherents  of  the  theory  of 
telosynapsis)  to  be  determined  by  an  undefined  "  hybridity,"  a  reduced 
"  homology,"  a  genetic  factor,  and  so  on.  These  inferences  were  loose 
and  unjustifiable  and  disagreed  with  genetic  evidence.  They  have 
been  quietly  buried  (Ch.  IX). 

Summing  up  :  The  mechanical  and  genetical  interpretations  put  on 
chromosome  behaviour  have  suffered  from  two  chief  sources  of  error. 
First,  the  relative  values  of  direct  and  comparative  inference  have  not 
been  correctly  assessed.  Direct  inferences  have  been  admitted  as 
"  facts  "  and  "  observations  "  or  denied  as  "  artefacts  "  and  "  mis- 
interpretations "  when  actually  their  whole  weight  depended  upon  their 
use  for  comparative  inference.  Comparative  inference,  on  the  other 
hand,  has  too  often  been  put  aside  as  speculative  and  irrelevant  when 
indeed  it  has  been  the  only  means  for  any  general  advance  in  the 
understanding  of  the  processes  concerned.  Hypothesis  based  on  it  has 
often  proved  more  reliable  than  the  "  facts  "  of  direct  observation. 

Secondly,  synthesis  has  preceded  complete  analysis.  "  The  method 
pf  discovery  and  proof  according  to  which  the  most  general  principles 
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are  first  established,  and  then  intermediate  axioms  are  tried  and  proved 
by  them,  is  the  parent  of  error  and  the  curse  of  all  science  "  {Novum 
Organum,  I,  69).  This  method  has  been  particularly  unfortunate  in  its 
application  to  the  structural  and  genetical  interpretation  of  meiosis. 
The  relations  between  the  several  stages  of  any  process  must  be  deter- 
mined before  any  interpretation  of  the  whole  can  be  attempted. 
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So  many  coagulations  there  are  in  nature  ;    and  though  we  content  our- 
selves with  one  in  the  running  of  milk,  yet  many  will  perform  the  same. 

Sir  Thomas  Browne,  Common  Place  Book. 

The  following  is  a  list  of  references  to  authors  who  describe  new 
methods  of  preparation. 

Microscopy 

Belling,  1930. 

General  Technique 

Taylor,  1928. 
Belar,  1929  c. 
Belling,  1930. 
La  Cour,  1931. 

Fixation 

Navashin,  1926  (chrom-formol-acetic) . 

La  Cour,  1931  (various). 

Sakamura,  1927  b  (hot  water). 

Kihara,  1924,  cf.  Huskins,  1928  (Carnoy  +  Flemming). 

Kihara,  1927  (cooling  before  fixing). 

Randolph,  1935. 

Smearing 

Taylor,  1924  a  (Flemming  +  haematoxylin) . 

Darlington,  1926  (Flemming  +  gentian  violet). 

Belling,  1926  a  (iron  aceto-carmine)  ;   cf.  de  Meijere,  1928,  1930. 

Belar,  1929  c  (osmic  vapour  +  Flemming). 

McClintock,  1929  b  ;   Steere,  1931  (permanent  aceto-carmine). 

Barrett,  1932  (aceto-haematoxylin) . 

Yasui,  1933. 

Sax,  K.  and  H.  J.,  1933  (endosperm  of  Conifers). 

Backman,  1935. 
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Staining 

Newton  and  D.,  1929  (gentian-violet-iodine). 

Belling,  1930  (iron-brazilin). 

Belar,  1929,  b  and  c  (Giemsa), 

La  Cour,  193 1  (chromic  acid  as  mordant  after  gentian  violet 

Barrett,  1932. 

Hance,  1933. 

Liidford,  1933  (vital  staining). 

Living  Material 

Chambers,  1925. 

Schaede,  1925,  1927. 

Sakamura,  1927  a. 

Belar,  1929,  a,  b,  and  c. 

Lucas  and  Stark,  1931 

Yamaha,  1926. 

Fry,  1930. 

Kuwada  and  Nakamura,  1934  b. 

Ellenhorn,  1933. 

Pre-treatment  for  Spiral  Structure 

Nebel,  1932. 

Huskins  and  Smith,  1934. 

Kuwada  and  Nakamura,  1933,  1934  a. 

Sax  and  Humphrey,  1934. 

La  Cour,  1935. 

Chemical  Tests  for  Chromatin,  etc. 

Strugger,  1932. 

Bauer,  1932,  1933  (oocytes). 

Shinke  and  Shigenaga,  1933. 

Milovidov,  1933. 

Geitler,  1935  (Spirogyra). 

Yamaha,  1935. 

Gardiner,  1935. 

Polarised  Light 

Kuwada  and  Nakamura,  1934  ^• 

Infra-Red  Photography 

Prat  and  Hruby,  1934  '>   Hruby,  1935. 
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Ultra-Violet  Photography- 
Lucas  and  Stark,  1931. 
EUenhom,  Prokofieva  and  Muller,  1935. 
Caspersson  and  Hammarsten;  1935. 

Screen  Projection 

Darlington  and  Osterstock,  1936. 

Mitosis  in  Tissue  Culture 

Hearne,  1936. 

Centrifuging 

Beams  and  King,  1935. 
Kostoff,  1935. 

X-ray  Treatment 

1.  Organisms 
Stadler,  1931. 

Muller,  1934  '   ^^  ^^^^>  1935- 
Timofeeff-Ressovsky,  1934  '>   ^^  ^^^^'  i935 

2.  Chromosomes 

Mather  and  Stone,  1933. 
Mather,  1934. 
Katayama,  1935. 
Catcheside,  1935. 
White,  1935. 
Levan,  1935  h. 
Riley,  1936. 
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If  men  shal  telle  proprely  a  thing 
The  word  mot  cosin  be  to  the  werking. 

Chaucer,  Maunciple's  Tale. 

Terms  not  used  in  the  text  are  enclosed  in  brackets.  The  usages  given 
are  those  adopted  in  this  book  and  are  not  always  the  original  ones, 
since  usage  necessarily  changes.  For  the  sources  of  many  of  these  the 
author  is  indebted  to  Wilson  (1928),  Rosenberg  (1930).  Carothers  (1931)* 
and  a  number  of  correspondents. 

Acentric,  of  the  whole  or  part  of  a  chromatid  or  chromosome  lacking  a  centro- 
mere. 

Allelomorph,  one  of  two  dissimilar  factors  which  on  account  of  their  corre- 
sponding position  in  corresponding  chromosomes  are  subject  to  alternative 
(mendelian)  inheritance  in  a  diploid.     Bateson,  1902. 

Allopolyploid,  a  polyploid  whose  chromosomes  do  not  usually  form  multi- 
valents at  meiosis  but  form  bivalents  as  far  as  their  homologies  allow 
them,  e.g.,  a.  tetraploid  with  2X  bivalents  or  a  triploid  with  x  bivalents 
and  X  univalents  {cf.  Autopolyploid,  v,  Text).    Kihara  and  Ono,  1926. 

Allosyndesis,  the  pairing  in  a  polyploid  of  chromosomes  derived  from  opposite 
parents  ;  particularly  as  opposed  to  autosyndesis,  in  a  hybrid  between 
allopolyploids.    Ljungdahl,  1922. 

Alternation  of  Generations,  the  occurrence  of  two  series  of  nuclear  divisions 
in  the  life  cycle,  a  haploid  and  a  diploid. 

Ameiosis,  the  occurrence  of  one  division  of  the  nucleus  instead  of  the  two  of  a 
normal  meiosis,  giving  non-reduction  of  the  mother-cell, 

Amitosis,  the  division  of  a  nucleus  without  separation  of  daughter  chromo- 
somes.    Flemming,  1882. 

[Amphidiploid],  allotetraploid,  v.  allopolyploid. 

Amphimixis,  the  bringing  together  ot  elements  from  two  gametes  in  fertilisa- 
tion (as  opposed  to  apomixis).     Weismann,  1891. 

Anaphase,  the  stage  at  which  daughter  chromosomes  move  apart  in  a  nuclear 
division.    Strashurger,  1884. 

Androgenesis,  male  parthenogenesis,  q.v. 

Aneuploid,  having  the  different  chromosomes  of  the  set  present  in  different 
numbers,  through  purely  numerical  aberration — therefore  an  unbalanced 
polyploid.     Tdckholm,  1922. 

[Anisogamy,  heterogamy,  q.v.'] 

Apogamy,  apomixis  involving  the  replacement  of  the  gametes  by  unspecialised 
cells  which  do  not  fuse.    De  Bary,  1878  ;   Winkler,  1908. 

Apomixis,  the  occurrence  of  the  external  form  of  sexual  reproduction  with  the 
omission  of  fertilisation  and  usually  meiosis  as  well  (as  opposed  to  amphi- 
mixis).     Winkler,  1908. 
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Apospory,  apomixis  involving  the  replacement  of  the  spores  by  unspecialised 
cells  which  have  not  undergone  meiosis.  Bower,  1887  ;  cf.  Winkler,  1908  ; 
Rosenberg,  1930. 

Asynapsis,  non-pairing  of  chromosomes  at  meiosis.     Beadle,  1931. 

Attachment,  [(i)  the  position  of  the  centromere,  5'. y.  ;]  (ii)  the  permanent  fusion 
of  two  chromosomes.     L.  V.  Morgan,  1922. 

Autosomes,  those  chromosomes  whose  segregation  does  not  normally  affect 
the  determination  of  sex  (as  opposed  to  sex-chromosomes).  Mont- 
gomery, 1906. 

Autosyndesis,  the  pairing,  in  a  polyploid,  of  chromosomes  derived  from  the 
same  parent ;  particularly  its  exceptional  occurrence  in  an  allopoly- 
ploid or  its  hybrid.     Ljungdahl,  1922. 

Azygote,  organism  arising  by  haploid  parthenogenesis.     Whiting  and  Benkert, 

1934- 
Balance,  the  condition  in  which  the  genes  are  adjusted  in  proportions  which 

give  satisfactory  and  normal  development  of  the  organism  (opposite  : 

unbalance).     Bridges,  1922. 

Secondary ,  a  new  balance  derived  by  change  in  the  proportion  of 

genes,  as  in  a  secondary  polyploid,  from  an  old  balance,  and  capable  of 

competing  with  it.     D.  and  Moffett,  1930. 
Balanced  Lethal  Factors,     v.  Lethal. 
Basic  Number.    The  supposed  number  of  chromosomes  found  in  the  gametes 

of  a  diploid  ancestor  of  a  polyploid,  represented  by  x. 
Bivalent  {v.  Univalent). 
Bouquet,  the  zygotene  and  pachytene  stage  in  those  organisms  in  which  the 

chromosomes  lie  in  loops  with  their  ends  near  one  part  of  the  wall  of  the 

nucleus  {cf.  Polarisation) .     Eisen,  1900. 
Cell,  a  unit  in  the  structure  of  the  animal  or  plant  containing  one  nucleus,  or 

several  where  these  are  separated  by  a  uniform  substratum.     Also  a  body 

derived  from  such  a  unit.     Leeuwenhoek,  Schleiden  and  Schwann,  1840. 
Centromere,   a  particle  in  the  chromosome  thread  w^hose  special  cycles  of 

repulsion    and    division    determine    the    anaphase    and    terminalisation 

movements  of  the  chromosomes  [v.  Table  75). 
Centrosome,    the    self-propagating    body    which    during   division    in    many 

organisms  lies  at  the  two  poles  of  the  spindle  and  appears  to  determine 

its  orientation.     Boveri,  1885. 
Chiasma,  -ta  (Hellenistic  Greek),  an  exchange  of  partners  in  a  system  of  paired 

chromatids  ;    observed  between  diplotene  and  the  beginning  of  the  first 

anaphase  in  meiosis.     Janssens,  1909. 

Comparate  and  disparate  ta,  pairs  of  successive  chiasmata  which 

compensate,  and  do  not  compensate,  respectively,  for  one  another  in 

regard  to  the  crossing-over  and  changes  of  partner  producing  them. 
Interstitial  ,   where  there  is  a  length  of  chromatid  on  both  sides 

of  the  chiasma.     D.,  1929  c. 

Reciprocal  and  Complementary  ta,  the  tw^o  kinds  of  comparate 

chiasmata  according  to  their  crossing-over  relationships. 

Terminal  ,  where  an  exchange  occurs  amongst  the  end  particles 

of  the  chromatids,  following  terminalisation.     D.,  1929  c. 

Multiple   ,    a   terminal   chiasma    where    three    or    four   pairs    of 

chromatids  are  engaged.     D.,  igzg  c. 

Lateral  ,  a  chiasma  which  is  terminal  as  to  two  chromatids  and 

interstitial  as  to  the  others.    Of  two  kinds,  symmetrical  and  asymmetrical . 

D.,  1929  c. 

Imperfect  ,  where  one  of  the  four  associations  in  a  chiasma  is 

broken  prior  to  anaphase.     D.,  1929  c. 
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Chiasma  Theory  of  Pairing,  the  hypothesis  that  whenever  two  chromosomes 
which  have  been  paired  at  pachytene  remain  associated  until  metaphase 
they  do  so  by  virtue  of  the  formation  of  a  chiasma  or  visible  exchange  of 
partners  amongst  their  chromatids.     D  ,  1929,  h  and  c. 
Chiasmatype    Theory,    (i)    the    theory    that    chiasmata    are    connected    with 
crossing-over  either  as  a  cause   or  as  a  consequence.     Janssens,   1909. 
(ii)  The  special  assumption  that  chiasmata  are  determined  by  crossing- 
over    between  two    non-sister  chromatids   of  the   four   involved.     D., 
19306. 
Chimaera,  a  plant  composed  of  tissues  of  two  genetically  distinct  types  as  a 
result  of  mutation,  segregation,  irregularity  of  mitosis,  or  artificial  fusion 
(graft-hybrids),  v.  Mosaic.     Cf.  Baur,  Winkler. 
Chondriosomes,    bodies   in   the   cytoplasm   which   are   believed    to   be   self- 
propagating,  including  mitochondria  and  Golgi-bodies.     Benda,  1904. 
Chromatid,  a  half  chromosome  between   early  prophase  and   metaphase  of 
mitosis  and  between  diplotene  and  the  second  metaphase  in  meiosis — ■ 
after  which  stages,  i.e.,  during  an  anaphase,  it  is  known  as  a  daughter- 
chromosome.     The  separating  chromosomes  at  the  first  anaphase  are 
known  as  daughter-bivalents,  or,  if  single  chromatids  derived  from  the 
division  of  univalents,  daughter-univalents.     McClung,  1900. 

Non-Disjunction,  the  passing  of  homologous  parts  of  chromatids 

to  the  same  pole  following  crossing-over  between  homologous  differential 
segments  in  a  multiple  interchange  hybrid.     E.  Sansome,  1933. 

bridge,  dicentric  chromatid  with  centromeres  passing  to  opposite 

poles  at  anaphase. 

Sister s,  those  derived  from  division  of  one  and  the  same  chromo- 
some,   as   opposed    to    non-sister    chromatids    which   are   derived    from 
partner  chromosomes  at  pachytene. 
Chromatin,  the  part  of  the  chromosome  that  stains  deeply  during  mitosis,  as 
opposed  to  an  achromatic  part.    The  distinction  is  difficult  to  apply  and 
is  often  of  doubtful  validity.     Flemming,  1879. 
Chromocentre,  (i)  fused  prochromosomes  (q.v.)  ;    (ii)  body  produced  by  fusion 
of  the  centromeres,  etc.,  in  nuclei  of  the  salivary  glands  of  certain  Diptera. 
Painter,  1935. 
Chromomeres,  the  smallest  particles  identifiable  by  their  characteristic  size 
and  position  in  the  chromosome  thread  between  leptotene  and  pachytene 
and  in  salivary  gland  nuclei.      Wilson,  1896. 
[Chromonema,    -ta],    the    chromosome    thread,    q.v.    (similarly    leptonema, 
pachynema,  etc.,  the  chromosome  threads  at  leptotene,  pachytene,  etc.). 
Wilson,  1896. 
Chromosomes,  one  of  the  bodies  into  which  the  nucleus  resolves  itself  at  the 
beginning  of  mitosis  and  from  which  it  is  derived  at  the  end  of  the  mitosis. 
Waldeyer,  1888. 

Acentric ,  one  lacking  a  centromere. 

Dicentric ,  one  with  two  centromeres. 

Ring ,  one  with  no  ends. 

Chromosome   Thread,    the   thread    consisting   of   centromere,    chromomeres, 
achromatic  connective  thread  and,  perhaps,  pellicle  at  prophase  ;    and 
constituting,  as  a  spiral,  the  metaphase  chromosome. 
Clone,  a  group  of  organisms  descended  by  mitosis  from  a  common  ancestor. 
Coil,  V.  spiral. 
Complement,  the  group  of  chromosomes  derived  from  a  particular  nucleus  in 

gamete  or  zygote,  composed  of  one,  two  or  more  sets  (q-v.). 
Condensation  or  Contraction  of  the  chromosome,  the  thickening,  shortening 
and  spiralisation  of  the  chromatids  during  prophase  {v.  Text). 
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Configuration,  an  association  of  chromosomes  at  meiosis,  segregating  in- 
dependently of  other  associations  at  anaphase. 

Congression,  the  movement  of  chromosomes  on  to  the  metaphase  plate. 

Conjugation,  the  pairing  of  the  chromosomes,  gametes  or  zygotes,  or  the  fusion 
of  pairs  of  nuclei. 

Constriction,  an  unspiralised  segment  of  fixed  position  in  the  metaphase 
chromosome.     Agar,  191 1. 

Primary  or  centric ,  that  always  associated  with  the  centromere. 

Nucleolar ,  a  secondary  constriction  determined  by  the  organisa- 
tion of  the  nucleolus. 

Secondary ,  any  acentric  constriction.     D.,  1926. 

Co-orientation,  the  relative  orientation  of  two  centromeres  on  the  spindle. 

Crossing-over,  the  exchange  of  corresponding  segments  between  corresponding 
chromatids  of  different  chromosomes  by  breakage  and  reunion  following 
pairing  ;  a  process  inferred  genetically  from  the  reassociation  of  linked 
factors  in  mendelian  hybrids  and  cytologically  from  the  reassociation 
of  parts  of  chromosomes  in  structural  hybrids.     Morgan,  191 1. 

Effective ,  that  which  is  detectable  in  breeding  experiments. 

Illegitimate ,  crossing-over  in  a  haploid  or  polyploid  which  is  not 

a  structural  hybrid,  between  homologous  and  reduplicated  segments  of 
two  chromosomes  which  being  structurally  dissimilar  as  a  whole,  do  not 
normally  pair.     Determines  secondary  structural  change.     D.,  1932. 

Double  ,  the  production  of  a  chromosome  in  which  crossing-over 

has  occurred  twice  ;  may  be  reciprocal  or  non-reciprocal  as  between 
chromatids.     Sturtevant,  1914. 

[Cytokinesis],  the  separation  of  daughter-cells,  usually  after  nuclear  division. 

Cytoplasm,  the  protoplasm  apart  from  the  nucleus. 

Daughter  chromosome  {v.  Chromatid). 

Deficiency,  loss  of  a  terminal  acentric  segment  of  a  chromosome  from  the 
diploid  complement.     Bridges,  191 7. 

Deletion,  loss  of  an  intercalary  acentric  segment  of  a  chromosome. 

Diakinesis,  the  last  stage  in  the  prophase  of  meiosis — immediately  before  the 
disappearance  of  the  nuclear  membrane.     Haecker,  1897. 

Dicentric,  of  a  chromatid  or  chromosome,  having  two  centromeres. 

Differential  Affinity,  the  failure  of  two  chromosomes  to  pair  at  metaphase  in 
the  presence  of  a  third  although  they  pair  in  its  absence.     D.,  1928. 

Differential  Segment,  one  in  respect  of  which  two  pairing  chromosomes  differ 
in  a  permanent  hybrid  (by  contrast  with  a  pairing  segment).  D.,  1931  c, 
1934  a. 

Diminution,  the  loss  or  expulsion  of  a  part  of  the  chromosome  complement  at 
mitosis  so  that  a  daughter  nucleus  is  formed  lacking  this  part. 

Diplochromosome,  chromosome  which  has  divided  once  more  often  than  it 
normally  does  in  relation  to  its  centromere  (c/.  attached  X  in  Drosophila 
melanogaster) .      White,  1935. 

Diploid,  (i)  the  zygotic  number  of  chromosomes  [zn)  as  opposed  to  the  gametic 
or  haploid  number  {n)  ;  (ii)  an  organism  having  two  sets  of  chromosomes 
{;2x)  as  opposed  to  organisms  having  one  (haploid)  three  (triploid)  or 
more  sets  (x,  ^x,  etc.)  (v.  Polyploid).     Strasburger,  1905- 

Functional  ,  allopolyploid  which  behaves  as  a  diploid  in  segre- 
gation.    D.,  1928. 

Diploidisation,  process  of  division  of  conjugate  nuclei  in  fungi,  by  which 
haploid  cells  or  mycelia  become  diploid.     B idler,  1930. 

[Diplont],  organism  at  the  diploid  stage  of  the  life-cycle,  as  opposed  to 
"  haplont." 

Diplophase,  [(i)]  the  diplotene  stage  of  meiosis,  Belling,  1928  ;  (ii)  the  diploid 
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phase  of  the  life-cycle,  particularly  in  the  Basidiomycetes  where  nuclear 
fusion  does  not  immediately  follow  cell-fusion.     Goebel. 

Diplotene,  the  stage  of  meiosis  which  follows  division  of  the  chromosomes  at 
the  pachytene  stage,     v.  Winiwarter,  1900. 

Disjunction,  the  separation  of  chromosomes  at  anaphase,  particularly  of  the 
first  meiotic  division. 

Dislocated  segments,  homologous  pairs  of  segments  in  a  different  linear 
sequence  from  other  segments  in  a  structural  hybrid. 

[Dislocation],  structural  change.     Navashin,  1926,  1932. 

Distal,  that  part  of  a  chromosome  which  relative  to  another  part  is  further 
from  the  centromere. 

Duplication.  The  occurrence  of  a  segment  twice  in  the  same  chromosome, 
or  in  the  same  complement  or  the  change  by  which  this  condition  arises. 
Bridges,  191 7. 

Dyad,  (i)  the  pair  of  cells  formed  after  meiosis  through  irregularity  instead  of 
a  quadruple  "  tetrad  "  {q.v.)  ;  [(ii)]  the  univalent  chromosome,  composed 
of  two  chromatids,  at  meiosis. 

Embryo-sac,  the  female  gametophyte  in  the  angiosperms. 

Environment,  those  factors  external  or  antecedent  to  an  organism  which  are 
related  to  its  development.  Its  reaction  with  the  genotype  determines 
the  phenotype.  N.B. — Dissimilar  genotypes  themselves  imply  dis- 
similar environments. 

[Ergastic],  of  materials  in  the  cell  :  the  non-living  products  of  metabolism 
{e.g.,  many  fats  and  carbohydrates).     A.  Meyer,  1896. 

Factor,  the  hypothetical  determinant  of  a  character  in  respect  of  which  an 
organism  may  show  a  mendelian  difference.  It  is  usually  an  abstract 
description  of  a  gene  difference.     Bateson  and  Punveit,  1905. 

Fertilisation,  the  fusion  of  two  germ-cells  and  of  their  nuclei,  without  which 
their  later  development  is  usually  impossible. 

First  Division,  the  first  of  the  two  meiotic  divisions,  formerly  known  as  the 
"  heterotypic  "  or  "  reduction  "  division. 

Gametes,  germ  cells  which  are  specialised  for  fertilisation  and  cannot  normally 
develop  without  it. 

Gametophyte,  the  haploid  plant  which  produces  the  gametes  where  there  is  an 
alternation  of  generations. 

Gene,  the  unit  of  reproduction  and  hence  of  crossing-over  in  the  hereditary 
material.  Johannsen,  191 1,  1923  ;  Morgan,  1925.  Its  change  may  be 
inter-genic  and  structural,  or  intra-genic  and  molecular.     D.,  1932. 

Genetic,  of  a  property  possessed  by  an  organism  by  virtue  of  heredity.  Bate- 
son, 1906. 

[Genome],  a  chromosome  set,  q.v.     Winkler.,  1916. 

Genotype,  the  kind  or  type  of  the  hereditary  properties  of  an  individual 
organism.     Johannsen,  191 1. 

Genotypic  Control,  the  control  of  chromosome  behaviour  by  the  hereditary 
properties  of  the  organism.     D.,  1932  a. 

Golgi  apparatus,  bodies  in  the  cytoplasm,  so-called  in  anticipation  of  their 
proving  to  be  an  apparatus. 

Haploid  {v.  Diploid).     Strasburger,  1905. 

"  True ,"  an  organism  having  one  set  of  chromosomes  (v.  Text). 

Haplo-diploid  Sex  Differentiation,  that  in  which  the  sexes  are  distinguished 
by  the  male  being  haploid,  the  female  diploid  {v.  Text). 

Heredity,  the  process  by  which  like  begets  like  (in  sexual  reproduction).     1863. 

[Heterochromosomes],  chromosomes  of  exceptional  form  or  behaviour, 
especially  at  meiosis,  such  as  sex  chromosomes,  fragments,  etc.  Mont- 
gomery, 1904. 
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Hence  Heterochromatin,  parts  of  the  chromosome  which  stain  more 
deeply  or  less  deeply  than  the  rest  during  the  prophase  of  mitosis.  Heitz, 
1927  et  al. 

[Heterogametic],  producing  gametes  of  two  kinds  in  regard  to  their  properties 
of  sex  determination.     Wilson,  19 10. 

Heterogamy,  [(i)]  differentiation  of  male  and  female  types  of  gametes  ;  (ii)  the 
special  differentiation  by  which  in  the  hybrid  (Enothera  species  two 
kinds  of  gametes  of  both  sexes  are  produced,  but  opposite  kinds  function 
in  opposite  sexes.     Renner,  1919. 

[Heteropycnosis],  precocious  condensation  of  certain  chromosomes  in  the 
prophase  especially  of  meiosis  {v.  Precocity).     Gutherz,  1906. 

Heterozygote,  a  zygote  derived  from  the  union  of  gametes  dissimilar  in  respect 
of  the  constitution  of  their  chromosomes  or  from  mutation  in 
a  homozygote.  Bateson,  1902.  Used  for  narrower  categories  of  hybrid, 
as  :  Mendelian,  Interchange,  Reduplication,  Fragmentation,  Transloca- 
tion, and  Deficiency  Heterozygotes  (v.  Text). 

Complex  ,  one  whose  gametes  have  numerous  differences  which 

segregate  as  a  unit.     Renner,  191 7. 

Sex (a  form  of  complex  heterozygote),  a  zygote  of  the  hetero- 
zygous sex,  y.  y  Chromosome.     D.,  1932. 

Heterozygous  Sex  {v.  Y  Chromosome). 

[Homogametic  Sex],  the  homozygous  sex,  q.v.     Wilson,  1910. 

Homology,  the  similarity  of  structures  in  different  organisms  which  they 
owe  to  the  common  ancestry  of  the  organisms.     Owen. 

Homozygote,  a  zygote  derived  from  the  union  of  gametes  identical  in  respect 
of  their  chromosomes.     Bateson,  1902. 

Homozygous  Sex  {v.  X  and  Y  Chromosomes). 

Hybrid  (used  here  sensu  stricto  as  a  Functional  Hybrid),  a  heterozygote. 
Used  for  the  broader  categories  as  : 

Numerical ,  one  whose  parental  gametes  differed  in  respect  of  the 

number  of  chromosomes.     D.,  1931  c. 

Structural ,  one  whose  parental  gametes  differed  in  respect  oi  the 

structure  of  their  chromosomes.  D.,  1929  c.  It  is  Eucentric  when  its 
dislocated  segments  have  the  same  linear  sequence  with  respect  to  the 
centromere,  Dyscentric  when  they  are  relatively  inverted.     D.,   1936  d. 

Hyperploids,  diploids  with  an  extra  piece  or  pieces  of  chromosome.     Mutter, 

i93f- 

Hypoploids,  diploids  lacking  a  piece  or  pieces  of  chromosome.     Mutter,  1932. 

Hysteresis,  a  lag  in  the  movement  at  one  level  of  integration  in  response  to 
stress  at  another  level,  e.g.,  in  the  adjustment  of  the  external  form  of  a 
chromosome  to  its  internal  stresses  during  the  spiralisation  cycle.     D., 

1935. 

Interchange,  an  exchange  of  non-homologous  terminal  segments  of  chromo- 
somes, V.  Belling,  1927  h.  May  be  symmetrical  or  asymmetrical  with 
respect  to  the  centromere.  (The  term  "  segmental  interchange  "  is 
used  by  Belling  to  include  crossing-over  [q.v.],  but  the  two  are  con- 
veniently distinguished,  v.  Text). 

Interference,  the  property  by  which  the  occurrence  of  one  crossing-over 
reduces  the  chance  of  occurrence  of  another  in  its  neighoourhood. 
Midler,  191 6. 

Cytological ,  the  same  property  as  between  chiasmata.     Haldane, 

1931  b. 

Chromatid  ,  the  same  property  with  respect  to  the  chromatids 

taking  part  in  two  successive  chiasmata.     Haldane,  1931  b  ;  Mather,  1933. 

Interkinesis  {v.  Interphase,  Resting  Stage).     Grigoire,  1905. 
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Interphase,  the  resting  stage  that  may  occur  between  the  first  and  second 

divisions.     Should    not    be    applied    to    the    resting    stage    in    general. 

Lundegdrdh,  191 2. 
Inversion,  the  reversal  of  the  linear  sequence  of  the  genes  in  one  segment  of  a 

chromosome  relative  to  the  centromere.      Sturtevant,  1926  {cf.  Ch.  VII). 
Isogamy,  morphological  similarity  of  fusing  gametes. 
[Karyokinesis],  Schleicher,  1878,  mitosis,  q.v. 
[Karyology],  nuclear  cytology. 
[Karyomere],    a    compartment   or    vesicle    in    the    resting    nucleus,    usually 

containing  one  chromosome. 
Leptotene,  the  single  chromosome  threads  at  the  early  stage  of  the  prophase 

of  meiosis,  and  by  extension  the  stage  itself,   {v.  Zygotene,  Pachytene, 

Diplotene)  v.  Winiwarter,  1900. 
Lethal  Factors,  factors  which  render  inviable  an  organism  or,  by  extension, 

a  cell  possessing  them. 

Balanced  ,  factors  which  lie  in  chromosomes  of  opposite 

gametes  and  do  not  frequently  cross  over  at  meiosis.    The  chromosomes 

concerned  must  be  homologues  except  in  a  ring-forming  interchange 

heterozygote.     Muller,  191 8,  1930  h. 
[Linin],  a  structural  component  of  the  nucleus.    The  term  has  been  applied  to 

the  descriptions  of  various  artefacts  and  has  no  definite  meaning. 
Localisation,   the  genetic  property  of  restriction  of  pachytene  pairing  and 

chiasma  formation  to  one  part  of  the  chromosomes — proximal  or  distal. 

D.,  1931  c. 
Macronucleus,  the  large  vegetative  nucleus  of  the  Infusoria. 
[Matrix],  the  space  left  round  the  solid  part  of  a  metaphase  or  anaphase 

chromosome  when  it  contracts,  by  syneresis  or  otherwise,  to  reveal  its 

characteristic   or   non-characteristic   structure,    following   fixation.     By 

extension  applied  to  any  analogous  appearance  at  prophase  or  telophase 

or  to  the  supposed  cause  of  any  behaviour  that  might  result  from  any 

analogous  differentiation.     Sharp,  1935  ;    cf.  D.,  1935  d. 
Matroclinal  Inheritance,  that  in  which  the  offspring  resembles  the  mother  more 

closely  than  the  father  (as  opposed  to  Patroclinal) . 
Maturation,  the  formation  of  gametes  or  spores  by  meiosis. 
Megaspore  (Macrospore),  a  spore  having  the  property  of  giving  gametophytes 

with  only  female  gametes  (the  embryo-sac). 
Meiosis,  a  form  of  mitosis  in  which  the  nucleus  divides  twice  and  the  chromo- 
somes once.     The  prophase  of  meiosis  is  the  prophase  of  the  first  of  the 

two  divisions.     Farmer  and  Moore,  1905. 
Merogony,  development  of  part  of  an  egg  with  the  sperm  nucleus,  but  without 

the  egg  nucleus,  as  in  male  parthenogenesis. 
[Metabolic   Stage],  an  unwarranted  physiological  description  of  the   resting 

stage,  q.v. 
Metaphase,  the  stage  of  mitosis  or  meiosis  in  which  the  chromosomes  lie  in  a 

plane  at  right  angles  to  the  axis  of  the  spindle  and  half-way  between  the 

poles.     Strashurger,  1884. 
Microchromosomes,  fragment  chromosomes  in  the  Hemiptera  which  do  not 

form  chiasmata  and  do  not  usually  pair  until  metaphase.     Wilson,  1905. 
Micronucleus,  the  small,  permanent,  reproductive  nucleus  of  the  Infusoria. 
Microspore,   the   spore  which   produces  a  gametophyte   bearing  only   male 

gametes  (the  pollen  grain). 
Mitosis,  the  process  by  which  daughter  chromosomes  are  separated  into  two 

identical  groups  ;  the  diagnostic  property  of  division  of  the  nucleus.     The 

term  may  be  conveniently  used  in  contradistinction  to  meiosis.     Flem- 

ming,  1882. 
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[Monoploidj ,  "  True  Haploid,"  q.v. 

Monosomic,  a  diploid  organism  lacking  one  chromosome  of  its  proper 
complement  (v.  Trisomic,  Tetrasomic). 

Mosaic,  in  animals,  the  equivalent  of  a  chimaera,  q.v.  In  plants,  a  chimaera 
produced  by  repeated  mutation. 

Mother-cell,  the  cell  with  a  diploid  nucleus  which  by  meiosis  gives  four 
haploid  nuclei,  e.g..  the  spore  mother-cell  in  Bryophyta  and  Pteridophyta, 
the  microspore  or  pollen  mother-cell  and  the  megaspore  or  embryo- 
sac  mother-cell  in  phanerogams.  The  sperm  mother-cell  is  known 
as  the  spermatocyte,  the  egg  mother-cell  as  the  oocyte,  in  animals. 
Many  other  terms,  used  in  the  lower  plants,  are  unnecessary  in  general 
cytology. 

Multivalent  [v.  Univalent). 

[Non-cellular],  unicellular  organisms  in  the  Protista.     Dobell. 

Non-disjunction,  cytologically,  the  failure  of  separation  of  paired  chromo- 
somes at  meiosis  and  their  passage  to  the  same  pole  ;  genetically,  any 
results  that  might  be  imputed  to  such  an  abnormality,  although  usually 
arising  from  the  failure  of  pairing,  or  from  multivalent  formation. 
Bridges,  1914. 

Non-homologous  pairing,  association  of  non-homologous  parts  of  chromosomes 
at  pachytene  ;    cf.  torsion-pairing.     McClintock,  1933  ;    cf.  D.,  1935  c. 

Nuclear  sap,  the  fluid  which  is  lost  by  the  chromosomes  as  they  contract 
during  prophase  and  which  fills  the  space  of  the  nucleus. 

Nucleolar  Organiser,  specific  chromomere  responsible  for  developing  the 
nucleolus.     McClintock,  1934. 

Nucleolus,  a  body  in  the  nucleus  which  disappears  and  does  not  resolve  itself 
into  chromosomes  at  mitosis. 

Nucleus,  a  cell  body  reproducing  by  mitosis.  The  most  constant  constituent 
of  animal  and  plant  cells.     Robert  Brown,  1831. 

[Oligopyrene] ,  of  spermatozoa,  those  deficient  in  chromosomes. 

Oocyte,  egg  mother-cell. 

Orientation,  the  movement  of  chromosomes  so  that  their  centromeres  lie 
axially  with  respect  to  the  spindle,  either  as  to  their  potential  halves 
at  mitosis  [auto-orientation)  or  as  to  members  of  a  pair  in  meiosis  [co- 
orientation). 

[Orthoploid],  polyploid  organisms  with  a  number  of  balanced,  complete, 
chromosome  sets.  Cf.  Aneuploid.  (Originally  used  for  those  with  any 
even  number  of  chromosomes,  v.  Winkler,  1916.) 

Pachytene,  the  double  thread  (and  the  stage  at  which  it  occurs)  produced  by 
pairing  of  the  chromosomes  in  the  prophase  of  meiosis,  v.  Winiwarter, 
1900. 

Pairing  of  Chromosomes,  (active)  the  coming  together  of  chromosomes  at 
zygotene  or  (passive)  the  continuance  of  their  association  at  the  first 
metaphase  of  meiosis. 

Somatic  ,  the  lying  of  homologous  chromosomes  especially  close 

to  one  another  at  metaphase  of  mitosis. 

Secondary  ,  the  same  phenomenon  as  seen  amongst  bivalents  at 

meiosis.     D.,  1928. 

Parasynapsis,  the  association  of  chromosomes  side  by  side  observed  at  zygo- 
tene, as  opposed  to  their  alleged  end-to-end  association  at  this  stage, 
or  "  telosynapsis."      Wilson,  191 2. 

Parthenogenesis,  a  form  of  apomixis  in  which  the  female  gamete  develops 
without  fertilisation.     Owen,  1849. 

•  Diploid ,  that  in  which  meiosis  has  failed  first. 

Haploid ,  that  in  which  fertilisation  fails  first. 

19—2 
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Male  — — ,  that  in  which  the  male  nucleus  develops  into  the  nuclei  of 
the  embryo. 

Phenotype,  the  external  appearance  produced  by  the  reaction  of  an  organism 
of  a  given  genotype  with  a  given  environment.    Johannsen,  191 1. 

Polar  Bodies,  the  expelled  products  of  the  two  divisions  of  the  oocyte  nucleus  in 
animals. 

Polarisation,  (i)  of  chromosomes  at  telophase  of  mitosis,  and  later  the  main- 
tenance of  their  proximal  parts  on  the  polar  side  of  the  nucleus  ;  (ii)  of 
chromosomes  at  zygotene,  the  movement  of  their  ends  towards  one  part 
of  the  nuclear  surface  ;  (iii)  of  centromeres,  the  initiation  of  orientated 
division  at  metaphase  of  mitosis. 

Polyhaploid,  an  organism  with  the  gametic  chromosome  number,  arising  by 
parthenogenesis  from  a  polyploid.     Katayama,  1935. 

Polyploid,  an  organism  with  more  than  two  sets  of  homologous  chromosomes. 
The  terms  used  are  triploid,  tetraploid,  pentaploid,  hexaploid,  heptaploid, 
octoploid  (for  octaploid),  nonaploid  (for  enneaploid),  decaploid,  undeca- 
ploid  (for  hendecaploid),  dodecaploid  and  so  on.  Higher  multiples  are 
best  referred  to  as  1j\x,  12X  and  so  on  {v.  Haploid,  Diploid  and  Tetra- 
ploid).    Winkler,  1916. 

Secondary  ,  a  homozygous  allopolyploid  in  which  some  of  the 

chromosomes    in    the    basic    set    are    present    more    frequently  than 
others.     D.  and  Moffett,  1930. 

Polysomic  {v.  Trisomic). 

Polytene,  of  chromosomes  in  the  salivary  gland  nuclei  of  Diptera.     Koller, 

1935- 
Position  Effect,  the  differences  in  effect  of  two  or  more  genes  according  to  their 

distances  apart  in  the  chromosome  thread.     Sturtevant,  1926. 
[Post-reduction],   the  alleged  reduction  of  the  number  of  chromosomes,  or 

segregation  of  differences  between  partners,  at  the  second  meiotic  division, 

as  opposed  to  pre-reduction,  their  reduction  or  segregation  at  the  first 

division.     Korschelt  and  H eider,  1903. 
Precocity,    the    property    of    the    nucleus    beginning    prophase    before    the 

chromosomes  have  divided  ;  characteristic  of  meiosis.    D.,  1931,  h  and  c. 
Differential  ,  the  property  of  some  chromosomes  or  their  parts 

condensing,  dividing  or  pairing  in  advance  of  the  rest  of  the  complement 

during  prophase  [v.  Text). 
Pro-chromosome,  condensed  proximal  part  of  a  chromosome,  staining  during 

the  resting  stage.     V.  Heterochromatin.     Overton,  1909. 
Pro-metaphase,  stage  between  the  dissolution  of  the  nuclear  membrane  and 

the  congression  of  the  chromosomes  on  the  metaphase  plate. 
Prophase,  the  stage  in  mitosis  or  meiosis  from  the  appearance  of  the  chromo- 
somes to  metaphase.     Strasburger,  1884. 
Prothallium,  the  gametophyte  in  the  Pteridophyta. 
[Prothallus],  =  Prothallium,  q.v. 
Protoplasm,  that  part  of  the  living  organism  which  is  not  dead  (including  the 

nucleus  and  cytoplasm).     Purkinje,  1840  ;    Strasburger,  1882. 
Protoplast,  the  protoplasm  of  one  cell.     Hanstein,  1880. 
Proximal,  of  a  chromosome,  a  part  that  is  nearer  the  centromere  than  a 

particular  other  part. 
Pseudogamy,  parthenogenetic  development  of  the  female  gamete,  requiring 

the  stimulation  of  the  male  gamete. 
Quadrivalent  {v.  Univalent). 
Reduction,    the   halving   of   the   chromosome   number   at   meiosis   and,    by 

extension,  its  genetical  concomitant  of  segregation.      Weisniann,  1887. 
Double ,  the  occurrence  of  a  reductional  division  at  both  divisions 
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in  regard  to  particular  parts  of  chromosomes  ;    possible  in  some  hybrids 

and  polyploids;  hence  "  equational  exceptions."     D.,  1929  c  ;   Haldane, 

1930  a. 

Gametic ,  meiosis  immediately  before  fertilisation. 

Zygotic    ,  meiosis  immediately  after  fertilisation. 

Reduction  Division,  formerly  applied  to  the  one  of  the  meiotic  divisions  at 

which  a  particular  author  thought  reduction  and  segregation  occurred. 
Reductional   Division,    a   separation   of   homologous   parts   of  chromosomes 

derived  from  opposite  parents  at  anaphase  of  a  first  or  second  division 

(as  opposed  to  equational). 
Reductional  Split,  the  same  at  diplotene.      Wenrich,  1916. 
Restitution  Nucleus,   a  single  nucleus  formed   through  failure  the  first 

division.     Rosenberg,  1927. 
Rings,    (i)  at  mitosis,  chromosomes  with  no  ends. 

(ii)  at  meiosis,  chromosomes  associated  end  to  end  in  a  ring,  usually 

by    terminal    chiasmata  ;     especially    applied    to    diploid    interchange 

heterozygotes  where  more  than  two  chromosomes  are  so  associated. 
[Satellite],  a  trabant,  q.v. 
Segment,  a  portion  of  a  chromosome  which  can  conveniently  be  considered 

as  a  unit  for  a  given  purpose  ;    e.g.,  Differential  segment.     Cf.  Belling, 

1927  h. 
Segregation,  the  separation  of  chromosomes  of  paternal  and  maternal  origin  at 

meiosis  and  the  separation  of  the  differences  observed  genetically.  Bateson, 

1902. 

Secondary   ,   the   segregation   in   an   allopolyploid   of   differences 

between  its  ultimate  diploid  parents.     D.,  1928. 

Effective ,  that  which  gives  viable  gametic  or  zygotic  combinations 

(especially  following  multiple   association  in   structural   hybrids).     D., 

1931- 
[Semi-heterotypic  Division],  a  first  division  which  gives  rise  to  a  restitution 

nucleus  following  defective  pairing.     Rosenberg,  1927. 
Set  of  Chromosomes,  a  minimum  complement  of  chromosomes  derived  from 

the  gametic  complement  of  a  supposed  ancestor. 
Sex-Chromosome,  one  which  in  the  heterozygous  sex  is  mated  with  a  dissimilar 

homologue  ;   the  X  and  Y  chromosomes,  q.v.     Wilson,  1906. 
Sexual  Differentiation,  the  production  by  an  organism  or  by  related  organisms 
of  gametes  of  two  sizes  such  that  the  larger  can  fuse  only  with  the  smaller. 
Sexual  Reproduction,  that  which  requires  meiosis  and  fertilisation. 
Sperm,  Spermatozoon,  the  male  gamete  in  animals. 
Spermatocyte,  sperm  mother-cell. 

Spindle,  the  axially  differentiated  part  of  the  cytoplasm  within  which  the 
centromeres  of  the  chromosomes  are  held  during  metaphase  and  anaphase. 
Normally  bipolar,  exceptionally  unipolar  or  multipolar. 
[Spindle  Attachment],  the  position  of  the  centromere. 

Spiral,   a  coil  of   the  chromosome   thread    (chromosome  or    chromatid),   at 
mitosis  or  meiosis. 

Internal ,  a  coil  within  a  single  chromatid  between  prophase  and 

anaphase. 

Relational ,  coiling  of  two  chromatids  or  chromosomes  round  one 

another. 

Major ,  the  larger  internal  coil  at  meiosis. 

Minor ,  the  smaller  internal  coil. 

Relic ,  the  coiling  which  survives  at  telophase  and  prophase. 

Super ,  larger  coils  derived  in  prophase  from  the  rearrangement  of 

relic  spirals. 
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Molecular    ,    the    coiling   within    the    chromosome    thread    which 

conditions  internal  and  relational  spirals.     D.,  i935- 

(Primary  and  secondary  coils  of  Kuwada  and  Nakamura  are  minor 
and  major  spirals). 

Spiralisation,  the  assumption  of  an  internal  (but  not  a  relational)  spiral  by  the 
chromatids  in  mitosis  and  meiosis.     D.,  1932. 

[Spireme],  the  chromosomes  during  the  prophase  in  mitosis  or  meiosis,  and 
hence  the  prophase  itself.  Particularly  used  in  the  expression  "  con- 
tinuous spireme."     Flemming,  1882. 

Spore,  a  cell  specialised  for  reproduction  but  not  for  fertilisation.  In  the 
higher  plants  it  is  always  the  product  of  meiosis  and  gives  rise  immediately 
to  gametes. 

Sporophyte,  the  spore-producing  diploid  in  the  higher  plants  {v.  Gametophy te) . 

Structural  Change,  change  in  the  genetic  structure  of  the  chromosome.  May 
be  intra-radial  or  extra-radial  with  respect  to  arms,  internal,  fraternal 
or  external  with  regard  to  chromosomes,  symmetrical  or  asymmetrical 
with  respect  to  the  possession  of  a  centromere,  eucentric  or  dyscentric 
with  respect  to  the  direction  of  a  segment  in  relation  to  the  centromere. 
D.,  1929  {cf.  Ch.  XII). 

Secondary ,  change  in  structure  resulting  from  crossing-over 

between  two  homologous  segments  in  chromosomes  which  are  structurally 
different  on  both  sides  of  these  segments.  D.,  1932.  {Cf.  Illegitimate 
crossing-over.) 

Structure,  the  potentially  permanent  linear  order  of  the  particles,  chromomeres 
or  genes  in  the  chromosomes.     Cf.  "  Structural  hybrid."     D.,  1929  c. 

Subsexual  reproduction,  parthenogenesis  following  ameiosis  with  non-reduction, 
but  with  segregation  owing  to  crossing-over. 

[Synapsis],  (i)  chromosome  pairing  at  zygotene,  also  described  as  syndesis  ; 
(ii)  contraction  of  the  chromosomes  to  one  side  of  the  nucleus  at  this 
stage  or  at  diplotene  (an  artefact),  also  described  as  synizesis. 

Syndiploidy,  the  fusion  of  nuclei  to  give  a  doubled  chromosome  number, 
especially  in  the  divisions  immediately  preceding  meiosis.  Strasburger, 
1907. 

[Syngamy],  fusion  of  gametes. 

Telophase,  the  last  stage  of  mitosis,  after  movement  of  the  chromosomes  has 
ceased.     Heidenhain,  1894. 

Terminal  Affinity,  the  property  by  which  chromosomes  are  held  together  end 
to  end  from  diplotene  till  metaphase  or  brought  together  in  this  way  at 
metaphase.     D.,  1932. 

Terminal  Chiasma  {v.  Chiasma.) 

Terminalisation,  expansion  of  the  association  of  the  two  pairs  of  chromatids 
on  one  side  of  a  chiasma  at  the  expense  of  that  on  the  other  side.  So 
called  because  the  resulting  "  movement  "  of  the  chiasma  is  usually  if 
not  always  towards  the  ends  of  chromosomes.     D.,  1929  c. 

Arrest  of  ,  stoppage  of  the  movement  of  a  chiasma  through  the 

opposite  segments  distal  to  it  being  non-homologous  [v.  Text). 

Tetrad,  (i)  quartet  of  cells  formed  by  meiosis  in  a  mother-cell  ;  [(ii)]  the  four 
chromatids  making  up  a  bivalent  at  meiosis  [v.  Dyad,  Hexad).  Nemec, 
1910. 

Tetraploid,  an  organism  having  four  sets  of  chromosomes  {v.  Polyploid). 
Nemec,  1910. 

Tetrasomic,  an  organism  with  four  chromosomes  of  one  type,  usually  other- 
wise a  diploid  [zx  -\-  2). 

Torsion-pairing,  non-homologous  association  at  pachytene  which  releases  a 
torsion  without  satisfying  an  attraction.     D.,  1935  c. 
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Trabant  (German),  a  segment  of  a  chromosome,  separated  from  the  rest  by 
one  long  constriction  if  terminal  or  two  if  intercalary  ;  usually  so  short 
that  longitudinal  contraction  reduces  it  to  a  sphere  before  it  attains  the 
characteristic  chromatid  diameter. 

Intercalary ,  one  with  full-sized  chromosome  limbs  on  both  sides 

of  it. 

Lateral ,  where  the  trabant  is  a  branch  of  the  chromosome. 

Translocation,  change  in  position  of  a  segment  of  a  chromosome  to  another 
part  of  the  same  chromosome  or  ol  a  different  chromosome.  Bridges, 
1917. 

Triploid,  an  organism  having  three  sets  of  chromosomes.     Nemec,  19 10. 

Trisomic,  an  organism  with  three  chromosomes  of  one  type  ;  usually  other- 
wise diploid  {2X  -\-  i).  A  diploid  organism  is  said  to  be  doubly  trisomic, 
not  tetrasomic,  when  it  has  the  two  extra  chromosomes  of  two  different 
types  (2;v  +  I  +  i). 

Secondary ,  a  trisomic  organism  in  which  the  extra  chromosome 

has  two  identical  ends.     Belling,  1927  6. 

Tertiary ,  a  trisomic  organism  in  which  the  extra  chromosome  is 

made  up  of  halves  corresponding  with  the  halves  of  different  chromo- 
somes in  the  normal  set.     Belling,  1927  b. 

Trivalent  {v.  Univalent). 

Univalent,  a  body  at  the  first  meiotic  division  corresponding  with  a  single 
chromosome  in  the  complement;  especially  when  unpaired.  Bivalent, 
Trivalent,  Quadrivalent,  Quinquevalent,  Sexivalent,  Septivalent,  Octa- 
valent  (for  Octovalent),  etc.,  are  associations  of  chromosomes  held 
together  between  diplotene  and  metaphase  of  the  first  division  by 
chiasmata.  Similar  associations  of  more  than  two  including  non- 
homologous chromosomes  in  structural  hybrids  should  be  described  as 
"  unequal  bivalents,"  "  associations  "  or  "  rings  "  of  three,  four,  etc. 
The  hybrid  forms,  "  monovalent,"  "  tetravalent,"  '  pentavalent," 
"  hexavalent,"  etc.,  used  in  chemistry  should  be  avoided. 

[W-chromosome],  sometimes  used  for  the  X-chromosome  where  the  female 
is  the  heterozygous  sex,  Z  being  then  used  for  Y. 

X-chromosome,  with  diploid  sex  differentiation,  the  sex  chromosome  in 
regard  to  which  one  sex  is  homozygous  ;  this  is  said  to  be  the  homozygous 
sex.  With  sex  differentiation  in  the  haploid,  the  sex  chromosome  of  the 
female. 

Y-chromosome,  the  sex  chromosome  that  is  present  and  pairs  with  the  X  in 
the  sex  heterozygote. 

Zygote,  the  cell  formed  by  the  union  of  gametes  and  the  individual  derived 
from  it  (c/.  Homozygote). 

Zygotene,  the  pairing  threads  (and  the  stage  at  which  they  occur)  in  the 
prophase  of  meiosis.     v.  Winiwarter,  1900. 
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Acanthocystis,  ^j^ 

A  carina,  376 

ACENTRIC    FRAGMENT,     see 

fragment. 
Acer,  64,  242 
Acetahularia,  21 
Acholla,  58,  368 
Aconitum,  37,  232  et  sqq. 
Acrididae,  77 
Acridium,  261 
Acrocladium,  222 
Actinophrys,  15 
adaptation,    474    et    sqq.      See    also 

evolution. 
JEgilotriticiim,  see  Triiicum-^gilops 
^senilis,  56,  234,  2J4,  567,  VIII 

univalents,  530 
AFFINITY,  129 

differential,      171,      185     et     sqq., 
198  et  sqq.,  328 

terminal,  370,  517 

See  also  attraction,  pairing. 
Agapanthus,  306,  308,  498,  514,  XV 

centromere,  538 

pachytene,  IV 
Agar,  575 
Agaricaceae,  82 
Agave,  81,  218 
Aggregata,  28,  43,  48,  82 

centrosome,  533 

chiasmata,  no 

segregation,  249 
Agropyrum,  218,  234 
Akemine,  523 
Alchemilla,  437,  453 
Alectorolophus,  145 
Aleurodes,  377 
ALLELOMORPH,  334 
Allen,  16,  357 
Allium,  hybrid,  162 

interchange,  151 

interlocking,  256 

localisation,  no 


Allium — (contd.) . 

mitotic  chromosomes,  37,  39 

pollen,  317 

spindle  failure,  400,  405 

spirals,  4gi 

terminalisation,  113 

tetraploid,  119,  J25,  129 

X-rayed,  XII 
Allium  Moly,  XII 

odorum,  401,  439,  441 

Schoenoprasum ,  226 

ursinum,  46 
Allolobophora,  XIV 
ALLOPOLYPLOID,     183     et    sqq., 

248.  338 

evolution  of,  329 

secondary  structural  change,  277 
ALLOSYNDESIS,  199  et  sqq. 
Aloe,  31 

Alstroeyneria,  XV 
ALTERNATION  OF 

GENERATIONS,   6,   435   et  sqq., 

449 
Alydus,  89,  142,  519 
Amblystegium,  217,  448 
Ambly stoma,  306,  541 
AMEIOSIS,  296,  379,  406,  473 
AMITOSIS,  47,  49 
Amceba,  21,  50 
Amorpha,  1^4 
ANAPHASE,  forces,  531  et  sqq. 

meiosis,  113,  114 

mitosis,  23,  28 

multivalents,  130 

univalents,  410  et  sqq. 
Anas,  171,  333 
Anasa,  373,  519 
Ancvracanthus,  9,  45,  363 
ANDROGENESIS,  442 
Anemone,  no,  22 j 
ANEUPLOID,     61,     68,     126,     127. 

See     also     monosomic,      trisomic, 

tetrasomic. 
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Angiosiomum,  404 

ANISOGAMY,  17 

Annelida,  67,  469 

Aniennaria,  438 

antheridia,  436 

Anthoceros,  223 

Anthoxanihum ,  159,  161 

Avtirrhivum,  319 

Aphides,  373,  383 

Aphis,  91,  373,  376 

Apis  (bee),  20,  376 

Apodemns,  368,  370 

APOGAMY,  435  et  sqq. 

APOMIXIS,  18,  434  et  sqq. 

APOSPORY,  435  et  sqq.,  448 

Apotettix,  383 

Aquilegia,  igo 

archegonia,  437 

Arpliia,  313 

artefact,  25,  34,  236,  565 

Artemia,  221,  438  et  sqq.,  469,  544 

Artemisia,  438,  452 

Ascalaphus,  58 

Ascaris,  centromeres,  537 

chromosome   aggregation,    57,   59, 

364 
number,  82,  83 
persistence,  43 
diminution,  57,  329,  431,  432 
non-pairing,  404 
non-reduction,  41 
triploidy,  67 
Ascomycetes,  6,  10,  248 
asexual  reproduction,  4,  271 
Asilus,  358 
Asplanchna,  3yy 
ASYNAPSIS,  200,  291 
Athyrium,  436 

ATTACHMENT,     of    chromosomes, 
see  fusion 
spindle,  see  centromere 
of     X     and     Y,     see     Drosophila 
melanogaster 
attachment  chromomere,  see 

centromere 
attraction  (specific),  481  et  sqq. 
and  crossing-over,  548 
in  twos,  121 
primary,  121,  303,  492 
secondary,  178,  314,  493,  497 
Aucuha,  38,  158,  159,  161 
Aulacantha,  82,  83 
auto-orientation,  see  orientation 
autopolyploid,  125,  183  et  sqq.,  226 
apomixis,  451 


AUTOSOME,  356 

Drosophila,  371,  372 
AUTOSYNDESIS,  198  et  sqq.,  208 
A  vena,  conditional  precocity,  314 

hybrid,  ig3,  276 

triploid,  559 

trisomic,  31  g 
A  vena  saliva,  278 

asynaptic,  200 

non-pairing,  400  et  sqq. 

unbalance,  323 

X-rayed,  429 
Avery,  163 

Bacillus,  450 

BALANCE,  219,  240,  315  et  sqq. 

secondary,  326  et  sqq. 

and  sex,  385 
See  also  theory. 
BALANCED  LETHAL,  see  lethal 

balanced  variation,  61  et  sqq. 
Balanophora,  437,  450 
Balbiani,  175 
Baranetsky,  4gi 
BASIC  NUMBER,  62,  75,  239 
Basidiomycetes,  6,  8,  248 
basidium,  8 

Bateson,  183,  572  et  sqq. 
Beadle,  283,  284,  397,  420 
de  Beaumont,  374,  357 
bee,  see  Apis 
Belar,  21,  31,  43,  47,  480,  520,  540, 

565.  XVI 
Bellevalia,  31,  92 
Belling,  31,  156,  253,  569 
Belostoma,  89 
Benacus,  565 
van  Beneden,  532 
Berberidaceae,  84 
Beta,  205 
Betula,  208 
Bibio,  178 
Biscutella,  46 
BIVALENT,  87,  106  et  sqq. 

non-congression,  526 

ring,  108 

unequal,  161,  247,  260,  261 
Blakeslee,  321 
Blaps,  145,  363 
blepharoplast,  9 
Bombyx,  292,  370 

hybrid,  140 

mosaic,  448 

triploid,  216 
Bonellia,  15 


INDEX 


653 


BOUQUET,  see  polarisation. 
Boveri,  41,  315,  432,  573 
brachymeiosis,  263 
Brachystola,  161 
Bragg,  522 
Brassica,  66,  103 

basic  number,  241 

hybrids,  192,  418 

secondary  pairing,  242 
See  also  Raphanus . 
breakage  ends,  555  et  sqq. 

See  also  chromosome  breakage, 
breeding,   as  opposed  to  cytological 

method,  298,  302 
bridge,  268 

Bridges,  278,  285,  385,  386 
Brink,  262 
Brochymene,  366 
Bromus,  215,  40J 
Bryophyta,  6,  246,  248,  356 
Buller,  8,  248,  575 

Callitriche,  82,  22y 
callus,  63 

Camarophyllus,  442,  457 
Cambarus,  82,  8j 
cambium,  84 
Camnula,  314 
Campanula  persicifolia,  VI 

haploid,  444 

interchange,  150,  i^g,  161 

interlocking,  256 

non-reduction,  192 

terminalisation,  104,  506,  513 
Canna,  2iy,  308 
Cannabis,  66,  405 
Cardamine,  78,  214 
Cassia,  228 

Catcheside,  241,  354,  557 
CELL,  2 

elimination,  555 

glandular,  175 

multinucleate,  65 

selection,  430 
cell-size,  84,  221,  515 
cell- wall,  action  on  spindle,  532 

and  centromere,  540,  545 

embryo-sac,  437 
centric  reaction,  524 
centric  segment,  69 
centrifuging,  19,  20,  46,  571 

spindle,  522 
CENTROMERE,  23,  26,  28  et  sqq., 
315-  535  et  sqq.,  562,  XV 

abnormal  division,  411 


CENTROMERE— (con/^.) . 

in  Ascaris,  58 

attractions,  498 

branching  of  chromosome,  74 

cohesion,  552 

and  crossing-over,  260,  551 

cycle,  486,  561 

and  differential  segments,  346,  369 

doubleness,  431 

effect  on  condensation,  308  et  sqq. 

equilibrium,  528,  529 

function,  340 

and  interchange,  350 

interphase,  117 

inversion  relative  to,  265 

leptotene,  90 

in  multivalents,  129 

and  non-disjunction,  153 

pachytene,  98,  XV 

pairing,  372 

permanence,  273,  424 

priority,  552 

repulsion,  152,  235,  519 

salivary  glands,  176,  177 

second  metaphase,  117 

spindle  reaction,  193,  530 

in  structural  change,  69 

synchronisation,  72,  396 

and  terminalisation,    105   et  sqq., 
507  et  sqq. 

trivalents,  529 

See        also       chromatid        and 
chromosome,     dicentric     and 
acentric. 
CENTROSOME,  9,  26,  49,  523 

continuity,  533  et  sqq. 

division-cycle,  399,  538 

and  parthenogenesis,  464 

X-rayed,  427 
centrosphere,  4g,  534 
Ceresa,  373 
Chambers,  43,  521 
Chara,  435,  442,  458,  469 
Charophyta,  6 

Chiarugi,  219,  438  et  sqq.,  452 
CHIASMA,        between         sex 
chromosomes,  370 

classification,  504 

coiling  at,  95  et  sqq.,  549 

comparate,  116,  255,  268  et  sqq. 

complementary,  268 

and    crossing-over,     252    et   sqq., 

550 
disparate,  116,  255,  268  et  sqq. 
failure  of,  405  et  sqq. 
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CYi\ASMK—{contd.). 
frequency,  99,  129,  398 

of  fragments,  144,  146 

in  hybrids,  138,  400 

of  polyploids,  218  et  sqq. 

statistics,  169,  290,  294 

after  X-raying,  429 
imperfect,  495 

interchange  heterozygote,  151 
interstitial,  105,  131,  495 

in  sex  chromosomes,  366 
lateral,   142,    148,    261,    262,    504, 

558 
localisation,  99  et  sqq.,  no,   289, 

391 
at  mitosis,  397 

movement,  see  terminalisation, 
multiple,  142,  350 
origin,  550 

in  polyploids,  120  et  sqq. 
position,  147,  no 
pseudo-,  421,  426,  433,  527,  XII 
random,  no 
reciprocal,  268,  499 
terminal,   105,  no,  170,  495,  504, 

517 

theory  of  pairing,  see  theory. 
See  also  terminalisation, 
crossing-over. 
CHIASMATYPE      THEORY,      see 

theory. 
Chilodon,  21 
CHIMERA,  71,  443 
Chironomus,  175  et  sqq.,  178,  VII 
Chlamydophrys,  21 
Chlorophycese,  6 
chloroplasts,  221 
Chondrilla,  438 
Chorthippus,  91,  95,  III,  IX,  XI 

inversion,  265 

mitosis,  53 

non-pairing,  402 

relational  coiling,  260 

See  also  Stenohothrus. 
CHROMATID,  23 

acentric,  420  et  sqq.,  487,  524 

breakage,  425  et  sqq. 

bridge,  see  dicentric. 

coiling,  see  coiling. 

dicentric,  268,  420  et  sqq.,  IX,  XII 

at  diplotene,  549  et  sqq. 

interference,  see  interference. 

interlocking,  116 

at  meiosis,  100  et  sqq.,  114 
anaphase,  130 


CHROMATID— (coM/^.) . 

non-disjunction,        see 
non-disjunction. 

ring,  IX,  XII 

segregation,  285  et  sqq. 

sister,  117 

See  also  crossing-over. 
CHROMATIN,  570 

diminution,  329 

nucleoli,  22,  311 
CHROMOCENTRE,  45 
CHROMOMERE,  24,  87,  423,  566 

salivarv  gland,  177,  VII 
CHROMOSOME,  22,  23 

acentric,  71,  424  et  sqq.,  541,  554 

aggregation,  57,  59 

arm,  35 

branched,  74,  424,  554 

breakage,  425  et  sqq.,  547  et  sqq. 

clonal,  478 

coiling,  see  coiling. 

complement,  40 

compound,  364 

constants,  52 

dicentric,    71,    424    et    sqq.,    554, 
IX,  XII 

differential    condensation,    307    et 
sqq. 

diminution,  57,  431 

direction  of  split,  75 

distribution,  524 

division  of,   47,   425,   486,   501    et 

sqq.,  549 
elimination  of,  429 
individuality,  40  et  sqq.,  60 
inert,  63,  329  et  sqq.,  560 

sex   chromosomes,    177,    370    et 
sqq.,  391 
length,  56 
linear  differentiation,  25,  42,  245, 

332 
natural  types,  37 
nucleolar,  40 
number,  60  et  sqq.,  220 
polycentric,  537,  554 
qualitative     differentiation,      167, 

316 
reunion,  557  et  sqq. 
rigidity,  521,  530 
ring,  see  ring  chromosome, 
semi-mitotic,  408 
set,  60,  207 
size,  55,  78  et  sqq.,  112,  566 

genotypic  control  of,  399 

mutation,  54 
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CHROMOSOME— (CO  w^^.) . 

structural    differentiation,    303    et 
sqq. 

structure,  32 

supernumerary,  142 

survival,  71 

theory,  see  theory. 

thread,  22,  34 

unpaired,  98,  376 

vesicle,  45,  89 
Chrysanthemum,  clonal  forms,  319 

hybrids,  171,  igj,  208 

non-pairing,  404 

non-reduction,  192,  416 

polyploidy,  igi 

syndiploidy,  66 
Chrysopa,  36  j ,  374   . 
Circotettix ,  77,  247,  261 
Citrus,  2iy,  440 

somatic  doubling,  66 
Cladocera,  471 
Cladophora,  6,  iii 
cleavage,  41,  45 

division,  533,  541 

surface,  484 
CLONE,  218,  3ig,  323 

old,  421 

See  also  species. 
Coccidae,  jyy,  379,  381 

spindle,  543 
Cocconeis,  442,  450 
Cochlearia,  220 
coefficient,  of  hybridity,  271 

terminalisation,  505,  513 
COILING,  direction,  488 

relational,  chromatid,  25,  27,  271, 

483 
chromosome,  93  et  sqq.,  100  et 
sqq.,  166,  177,  428 
and    crossing-over,    259,    548 
et  sqq. 
in  salivary  glands,  177 
and  structural  change,  558 
See  also  spiral,  spiralisation. 
Coleoptera,  36^ 
Coleotrype,  80 
Commelina,  80 

comparative  method,  563  et  sqq. 
competition,  in  chiasmata,  402 

between  embryo  sacs,  see  Renner 

effect, 
in  nucleolus-formation,  305 
in  pairing,  199,  206 
in  spindle  formation,  523 
between  zygotes,  318  et  sqq. 


se3    chromosome. 


COMPLEMENT. 

balance, 
complex    heterozygote,    see 

heterozygote. 
complex  hvbrid,  see  hybrid. 
CONDENSATION,    see    differential 

condensation. 
CONGRESSION,  523 
conjecture,  see  theory. 
CONJUGATION,    of    gametes,    see 
fertilisation. 

distance,  367,  374,  375,  528 
conjugate  nuclei,  10 
CONSTRICTION,  34  et  sqq.,  536 

nucleolar,  23,  27,  59,  305,  485 
CO-ORIENTATION,  see  orientation. 
Coregonus,  XIV 
correlation,  negative,  chiasma 
frequency,  293 
fertility,  196 
Correns,  384 
Cotoneaster,  242 
Cratagus,  212,  2iy 
Crepis,  autosyndesis,  202,  208 

chromosome  length,  56 

chromosome    numbers,     220,     231 
et  sqq. 

haploid,  444 

hybrids,  184  et  sqq.,  276 
chromosome  size,  57 
pairing  in,  163,  iy2,  1^4,  208,  400 
trabants,  305 

inversions,  2y4 

non-pairing,  400 

nucleoli,  306 

phylogenetics,  172 

progeny  of  triploids,  320 

somatic  doubling,  64 

trisomic,  3ig 
Crepis  artificialis,  242 
Crepis  capillaris ,  chromosome  shapes, 
44,  I 

chromosome  length,  57 

chromosome  number,  82 

haploid,  416,  418 

polyploidy,  62,  igi 

population  analysis,  yo 

syndiploidy,  66 

X-rayed,  430 

X-strain,  400,  404 
Crepis  capillaris  X  lector uyn,  199 
Crepis  tectorum,  chromosome  shapes, 
44 

old  seed,  420 

population  analysis,  yo 


6^6 


INDEX 


Crepis  tectorum — [contd.). 

ring  chromosomes,  73 

tetraploid,  222 

trisomic,  69 
Crocus,  y6,  82,  160,  XII 

chromosome  numbers,  231  et  sqq. 

polyploidy,  228 
CROSSING-OVER,  87,  245  et  sqq., 
250 

with  apomixis,  477 

complementary,  255 

dyscentric,  268  et  sqq. 

four-strand,  285 

frequency,  281 

illegitimate,  275 

inference,  249,  298 

and  internal  spirals,  488 

map,  180,  283,  293  et  sqq. 

mechanism,  547  et  sqq. 

non-homologous,  494 

reciprocal,  255,  370 

in  sex  chromosomes,   359,   389  et 
sqq. 

somatic,  553 

suppression,  333,  337 

theory  of,  see  theory. 

unit,  333 

and  X-rays,  553 
Cruciferae,  306 
Cryptobranchus ,  45 
Cryptomonas,  48 
crystal,  liquid,  522,  546 
Culex,  no,  376 
Cutleria,  442 
Cyanophyceae,  2 
Cyanoiis,  80 
Cycads,  533 
Cycas,  115 
Cyclops,  45,  522 
Cydonia,  VIII 
Cynips,  450 
Cyperaceae,  7 
Cypris,  450 
CYTOPLASM,  2,  193,  520 

Dactylis,  125 
Dahlia,  235,  VIII 

secondary  pairing,  238 

polyploidy,  239  et  sqq.,  326 
Daphnia,  436,  46g 
Dark,  92,  96,  403 
Dasychira,  78,  82 
Dasyuyus,  g4 
Datura,  ameiosis,  399  et  sqq. 

fragment,  144 


Datura — {contd.) . 

haploid,  416,  444,  447 

interchange,  150  et  sqq. 

monosomic,  316 

old  seed,  420 

pollen  abortion,  321 

progeny  of  triploids,  J20 

somatic  doubling,  64 

tetraploid,  185,  ig4 

trisomic,  61,  148,  sig 
DEFICIENCY,    59,    69,     431,     554 
et  sqq. 

heterozygote,  152,  161,  260 

inert,  330 
Delaunay,  57 

DELETION,  181,  554  et  sqq. 
Delphinium,  igi 
Dendroccelum,  31,  256 
Dermaptera,  367 

detachment  (sex  chromosomes),  370 
DIAKINESIS,  87,  loi,  508 
Dianthus,  228 

chromosome  size,  55,  84 

hybrids,  208 
diatom,  49 
Dicentra,  242 
DICENTRIC      CHROMATID,      see 

chromatid. 
DICENTRIC    CHROMOSOME,    see 

chromosome. 
Dicranura,  140,  163 
DIFFERENTIAL    AFFINITY,    see 

affinity, 
differential    condensation,    98,    282, 

307,  500 
DIFFERENTIAL  SEGMENT,   264, 
390 

(Enothera,    338,    346,    347,    349   et 
sqq. 

Pisum,  263 

sex  chromosomes,  365 

Zea,  262 
differentiation,  3 

between  chromosome  sets,  227 

qualitative,  197,  245,  316  et  sqq. 

of  sex  chromosomes,  389  et  sqq. 
See  also  chromosome, 
diffuse  stage,  94 
Digitalis,  haploid,  201,  444 

hybrids,  172,  173,  185  et  sqq.,  208 
Digitalis  mertonensis ,  185 
Dinophilus,  15 
dioecism,  18,  335 
DIPLOCHROMOSOME,     427,     531, 

554 
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DIPLOID,  5,  6 

constitution,  61 

functional,  184  et  sqq.,  214 
DIPLOIDISATION,  8,  10 
DIPLOPHASE,  10 
DIPLOTENE,  87  et  sqq..  259,  287, 

550  et  sqq. 
Diptera,  7,  367,  497 

salivary  glands,  175  et  sqq. 
DISJUNCTION,  113  etsqq.,  132 
distribution,  see  chromosomes. 
Dobzhansky,  371,  386,  389,  398,  410 

et  sqq. 
donation,  430 
Dorstenia,  402 
Draba,  22y 

See  also  Erophila. 
Drosera,  83,  41'] 

hybrid,  205 
Droseraceae,  79,  84 
Drosophila,  VII 

abnormal  meiosis,  372 

coiling,  492 

crossing-over,  250,  252,  289  et  sqq 

heterochromatin,  309 

intersexes  and  supersexes,  385 

inversions,  265,  272  et  sqq. 

irradiation,  422  et  sqq. 

nucleoli,  305,  306 

salivary  glands,  176,  177,  178,  180, 
181 

sex  chromosomes,  358  et  sqq. 

somatic  pairing,  236,  497  et  sqq. 
Drosophila  Junebris,  330 
Drosophila  melanogaster,  attached  X, 
285 

attached  XY,  277 

bar  eye,  333 

cell  size,  221 

chromosome  map,  295 

diminution,  58 

gynandromorph,  68 

interchange,  160 

interference,  551 

monosomic,  316 

mosaic,  68,  425,  448 
haploid,  385 

nucleoli,  40 

polyploid  cells,  63 

reduplications,  317 

ring  chromosome,  74 

sex  chromosomes,  330 

tetraploidy,  66 

triploidy,  67,  216.  284 

trisomic,  3ig 


Drosophila  melanogaster — (contd.) . 

types  of  complement,  386 

viability  of  deficiencies  and 
reduplications,  321 
Drosophila  miranda,  367,  389 
Drosophila  psendo-obscura,  79 

geographic  races,  181 

hybrid,  181 

meiosis,  371 

non-pairing,  400,  405 

nucleoli,  40 

polymitosis,  398,  535 

sex  chromosomes,  181 

tetraploid  meiosis,  125 
Drosophila  simulans,  179,  180,  388 

abnormal  mitosis,  396 
Drosophila  virilis,  388 
Drosophyllum,  83 
DUPLICATION,  141,  181,  272.  278 

and  balance,  327 

buffer  effect,  317 

haploid,  398 
DYSCENTRIC         HYBRID,        see 

structural  hybrid. 
Dzierzon,  249,  376 

Echinodermata,  434,  466 

double  fertilisation,  64 

polyploidy,  63 
Ectocarpus,  17 
egg-cell,  7,  26,  94,  103 

unreduced,  189  et  sqq. 
Elatostema,  451 
electric  field,  522 
electric  potential  differences,  561 
electric  surface  charge,   315,   499  et 
sqq.,  503,  519  et  sqq. 

of  sex  chromosomes,  375 

and  spiralisation,  560 
elimination,  of  cells,  555 

of  gametes,  219,  316  et  sqq. 

at  mitosis,  555 

of  zygotes,  240,  318  et  sqq. 
See  also  chromosome, 
embryonic  membranes,  50,  63 
EMBRYO-SAC,   10  et  sqq.,  11,  437. 
454 

competition,  340 

differential  viability,  316  et  sqq. 
Empetrum,  67,  242,  364 
Enchenopa,  313,  368 
endogamous  group,  478 
endomixis,  50 
endosperm,  11,  50,  62,  67,  438,  441 

X-rayed,  431 


6=.8 


INDEX 


ENVIRONMENT,  12 
epigenesis,  324 
Epilobium,  535 
equational  exceptions,  285 
equational  separation,  252,  261 
equilibrium,  between  chiasmata,  514 

chromatid,  497,  499 

hybrid ity,  271 

metaphase  plate,  497,  524,  529 

molecular,  561 

pachytene,  549 

repulsion,  235,  531,  546 
Eremurus,  iii,  258,  306,  III 
Erlanson,  224,  460,  508 
Ernst,  434 
Erophila,  igo,  228 
EUCENTRIC        HYBRID,        see 

structural  hybrid. 
Enchlana,  iy3,  igi ,  446 

See  also  Zea. 
euchromatin,  see  heterochromatin. 
Eucomis,  81 
Euglypha,  21,  31,  49 
Euphorbia,  238 
Euschitus ,  358 
evolution,  and  apomixis,  470 

and  chromosome  numbers,  560 

and  chromosomes,  75  et  sqq. 

of  genes,  328,  332 

and  haplo-diploidy,  379 

and  meiosis,  134 

and  mutation,  246 

and  permanent  hybrids,  337 

and  polyploid  species,  220  et  sqq. 

and  secondary  polyploids,  243 

and     sex-determination,     388      et 
sqq. 
Evotomys,  368 

FACTOR,  245 

See  also  gene. 
Felis,  78 

female,  18,  356  et  sqq. 
female  gamete,  see  egg-cell, 
ferns,  see  Pteridophyta. 
fertility,  and  crossing-over,  291 

in  QLnothera,  338 

of  tetraploids,  186 

of  triploids,  319 
See  also  sterility. 
FERTILISATION,  5 

double,  II,  64 

failure  of,  434  et  sqq. 
Festuca,  228 

interchange,  157 


Festuca — {contd.) . 

polyploid,  igi 
See  also  Lolium. 
Feulgen  reaction,  20,  46,  307,  312 
Filaria,  9,  45 
Fischer,  563 
fixation,  staining  reaction,  307,  315, 

563  et  sqq.,  569 
Flagellata,  4 
flagellum,  9 
Flemming,  22,  574 
forces,  482  et  sqq. 

inter-molecular,  493 
Forficula,  161 
Fourcrcsa,  306 
Fragaria,  haploid,  443,  446 

hybrid,  igo,  ig3,  2og 

interchange,  157 

sex,  358,  364 
fragment,  27,  71,  72,  73,  143 

acentric,  268,  420  et  sqq. 

elimination,  322  et  sqq. 

inert,  330 

pairing  of  — s,  143,  287,  519 

supernumerary  — s,  276 
fragmentation,  59,  70,  77,  559 

heterozygote,  140,  162 
Fritillaria,  V 

coiling,  487,  4g2 

complement,  77 

crossing-over,  260 

diplotene.  259,  287,  552 

fragments,  72  et  sqq.,  143 
pairing  of,  146 

interrupted  pairing,  100,  102 

meiosis,  92  et  sqq. 

nucleoli,  98,  306 

pollen  grains,  396,  525 

structural  change,  560 

terminalisation,  506 

triploid,  216 
Fritillaria  imperialis,  98,  143,  287 
Fritillaria  Meleagris,  no 
frog,  see  Rana. 
Frolowa,  176 
Frullania,  314,  366 
Fujii,  loi,  485 
Funaria,  466 

cell  size,  221  et  sqq. 

polyploid,  69,  ig5 
fungi,  mitosis,  47 

spindle,  543 
fusion,  of  chromosomes,  77,  239,  363, 
559 

heterozygote,  140,  162 
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fusion — {contd.). 

of     nuclei,     see     fertilisation 

diploidisation. 
nucleus,  12,  438 


and 


Gagea,  418 

Galeopsis,  128,  igo,  234 
Gallus,  j68 
Galtonia,  306,  XV 
GAMETE,  5 

deficient,  316  et  sqq. 

nucleoli,  21 

unreduced,    157,   188,   296,   414  et 
sqq. 
gametic  reduction,  6 
GAMETOPHYTE,  6 

differential  viability,  316  et  sqq. 
gamma  rays,  422 

Gasteria,  interphase,  118,  487,  4g2 
GENE,  167,  179,  245 

differentiation  of,  303 

division,  501 

evolution,  332 

inert,  331  et  sqq. 

mutable,  422 

mutation,  422  et  sqq. 

theory  of,  see  theory, 
generative  nucleus,  8,  10 
genetic  isolation,  79 
GENOTYPE,  12 
GENOTYPIC  CONTROL,  53,  164 

of  apomixis,  470  et  sqq. 

of  crossing-over,  288  et  sqq. 
between  sex  chromosomes,  390 

of  meiosis,  399  et  sqq. 

of  mitosis,  395  et  sqq. 

of  mutation  rate,  332 

of  nucleolar  organiser,  305 

of  structural  change,  419 
gentian  violet,  565 
germ-plasm,  13 
Giemsa,  565 
gigantism,  222  et  sqq. 
Godetia,  i^g 
Goldschmidt,  384 
Gomphocerus,  65 
Gossyparia,  310,  381 
Gossypium,  56,  igi,  243 

twin  haploid,  444 
Gregarina,  534 
growth  rate,  differential,  325 
Gryllotalpa,  j6y 
Gryllus,  78 
Guignard,  11,  534 
Gustafsson,  438,  465,  475 


G\^mnosperms,  79,  84 
gynandromorph,  68 

Haberlandt,  441,  465 
Habrobracon,  ^yy,  378,  459 

cell-size,  222 

mosaic,  448 

triploid,  216 
haematoxylin,  565 
Haldane,  372,  391,  555 
half-mutant,  see  CEnothera. 
HAPLO-DIPLOID  SEX 

DETERMINATION,  see  sex 

determination, 
haplo-diploid  twin  seedlings,  447 
HAPLOID,  5,  61 

chiasmata,  254 

crossing-over,  262,  278 

differentiation  (of  sex),  336 

mosaics,  385 

origin,  444  et  sqq. 

pairing  in,  328 

pollen  grains  of,  195,  416 

polyhaploid,  199  et  sqq. 

progeny,  4iy 

size,  222  et  sqq. 

somatic  doubling,  64 
haplophase,  10 
Hardy,  493,  522,  563 
Hartmann,  17 
Heitz,  40,  176,  307,  309,  330 
Helianthus,  214 
Helix,  469 
Hemerobius,  57,  XI 
Hemerocallis,  125,  2iy 
Hemiptera,  366,  368,  376 
Hepaticae,  310,  366 
HEREDITY,  i,  14,  224 
hermaphroditism,  17,  18 
Hertwig,  O.,  5,  S5 
Hesperotettix,  78,  141,  364 
HETEROCHROMATIN,    307,    330, 

See  also  precocitv. 
HETEROGAMY,  18 
Heteroptera,  368 
HETEROPYCNOSIS.  309 
heterosis,  136 
heterothallism,  17 
HETEROZYGOTE,  136  et  sqq. 

complex,  335  et  sqq. 

fragmentation,  140 
See  also  hvbrid. 
HETEROZYGOUS  SEX,  136 
Hevea,  404,  405 
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HEXAPLOID,  62,  184,  187 
Hieracium,  438  et  sqq. 

apomixis,  473 

fragment,  145 
Hollingshead,  44,  62 
HOMOLOGY,  328,  567 

change  of,  115,  199,  499 

and  terminalisation,  510,  311 

and  pairing,  164 
Homoptera,  368 
HOMOZYGOTE,  CEnoihera,  342 
Hordeum,  421 
Hosia,  523,  524 
Humulns,  358  et  sqq. 
Hyacinthus,  IV 

abnormal  pollen,  396 

chiasmata,  127,  128 

chromosome  size,  Sz,  83 

clones,  3ig 

mitotic  chromosomes,  37 

polyploid  meiosis,  119 

triploid,  216 
pollen,  318 

unbalance,  325 
HYBRID,  classification,  137 

complex,  138 

fertility  of,  i8y  et  sqq.,  196 

intersexual,  384 

at  mitosis,  44,  45 

numerical,  137 

permanent,  335 

pollen  grains  of,  195 

polyploid,    138,    183    et   sqq.,    208 
et  sqq. 

structural,  see  structural  hybrid. 

in  systematics,  135 

twin,  339 

undefined,  137,  168  et  sqq. 
See  also  heterozygote. 
hybridisation,  17 
hybridity,  and  apomixis,  440,  467,  472 

coefficient,  271 

equilibrium,  271 

and  non-reduction,  297 

of  old  clones,  421 
hydration,  of  nucleus,  544 

of  spindle,  520 
hydrogen  ion  concentration,  32,  547, 

561 
Hymenoptera,  polyploid  cells,  63 

salivary  glands,  175 

segregation,  248 
Hypericum,  j6o,  338 
hypothesis,  see  theory, 
hysteresis  (lag),  483.  550 


Iberis,  235 

Icerya.  6.  24,  311,  397,  449 

sex,  377 
Iguanidae,  63 
Impatiens,  405 
inbreeding,  279,  378 
incompatibility,  12,  17 
inertness,  see  chromosome,  gene, 
inference,  of  crossing-over,  249,  298 

of  forces,  482  et  sqq. 

of     movement     of     chromosomes, 
503  et  sqq. 
infra-red  photography,  570 
Infusoria,  50 

insertion-region,  see  centromere. 
INTERCHANGE,    69,    124,    555    et 
sqq. 

and  chromosome  form,  59 

heterozygote,    149,    150,    263,    286 
et  sqq.,  VI 

internal,  156 

(Enothera,  342 

sex  chromosomes,  360 

time  of,  71 

Zea  Mays,  282,  304 
INTERFERENCE,  between 
chiasmata,  292 

between  chromosomes,  293,  551 

between  crossings-over,   252,   287, 
292 

chromatid,  292,  551 

at  zygotene,  165 
interlocking,  at  meiosis,  156,  255 

at  mitosis,  74,  502 
INTERPHASE,  117,  118,  487 
intersex,  384 

interstitial  chiasma,  see  chiasma, 
interstitial  segment,  263 
INVERSION,  69,  554  et  sqq. 

crossing-over  in  heterozygote,  265 
et  sqq. 

and  the  gene,  333 

heterozygote,  152,  IX 

reversal,  280 

salivary  glands,  180,  181 
irradiation,  see  X-ray. 
iso-electric  point,  315,  561 
ISOGAMY,  18 
Ixeris,  438,  454 


Jamaicana,  140 
Janssens,  250,  253,  573 
Johannsen,  245,  576 
Jargensen,  195,  442 
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Karpechenko,  i8y,  192,  223,  418 

karyosphere,  94 

Kaufmann,  277 

kern-plasma  ratio,  20 

Kihara,  204,  361,  411,  572 

Klingstedt,  XI 

Kniphofia,  lys,  402,  409,  XIV 

somatic  doubling,  66 
Koller,  177,  179,  181,  VII,  XI,  XIV 
Kuwada,  483,  533,  570,  XIII 

Lacertilia,  65 

Lachenalia,  115 

La  Cour,  232,  569,  570,  II.  III.  IV, 

V,  VI,  VIII,  XII,  XV 
lagging,  115 
Lamarck,  52 
Lamm,  407 
Laihyrus,  no,  in,  ig3,  405 

terminalisation,  512 
Lawrence,  237,  VIII 
Lehistes,  333.  388 
Lecanium,  310,  380,  450 
Leguminosae,  281 
Lens  esculenta,  446 
Leontodon,  437,  450 
Lepas,  55 
Lepidoptera,  78,  91,  171  et  sqq. 

sex  chromosomes,  358 
Leptophyes,  358 
LEPTOTENE,  87  et  sqq.,  501 
Lesley,  jjp,  404 
LETHAL,  balanced,  339 
.   cell,  555 

factor,  (Enothera,  354  et  sqq. 

through  unbalance,  322 
Lewitsky,  37,  83,  430 
life-cycle,  3  et  sqq.,  435  et  sqq. 

and  elimination,  318  et  sqq. 
Liliaceae,  67 
Lilium,  9 

chromosome  number,  84 

embryo-sac,  437 

interlocking,  258 

inversions,  274 

length  of  chromosomes,  31 

minor  spirals,  487 

pachytene,  93 

triploid,  125,  126 
Lilium  Henryi,  145 

tigrinum,  125,  126 
Lillie,  503 
Limnophilus,  368 
Lindegren,  248 
linear  arrangement,  see  chromosome. 


linkage,  245  et  sqq. 
Liriope,  418 
living  cells,  22,  27,  XV 
Llaveia,  381,  519 
LOCALISATION,  see  pairing. 

chiasma,  zygotene. 
Locusta,  III 

fragment,  145 

X-rayed,  427 
Lolium,  chromosome  size,  55,  399 

hybrid,  173,  igi 
Lucretius,  i,  244 
Lychnis,  418 
Lycia,  162 
Lycopersicum      esculentum,      see 

Solanum  lycopersicum. 
Lycoris,  216 
LygcBUs,  358,  519 
Lymantria,  384,  388 
Ly thrum,  228 

McClintock,    166,    265,    276,    304    et 

sqq.,  431 

McClung,  141,  363 
Macronemurus,  in,  357,  512 
MACRONUCLEUS,  50 
Macropus,  358,  364 
Mffida,  169 
maize,  see  Zea  Mays. 
male,  18,  356  et  sqq. 

gamete,     see     spermatozoon     and 
generative  nucleus. 

haploid,  376 
Mammalia,  368 
Man,  55,  83,  368,  XI 
Manton,  46,  449 
Marchal,  448 
Marsilia,  436 
Marsupials,  93,  310 
Mather,  76,  231,  257,  292,  426 
MATRIX,  566,  578 
Matthiola,  59,  in,  146 

deficiency,  316 

haploid,  416 

non-pairing,  400  et  sqq. 

trisomic,  148,  379,  321 
mechanics,  479  et  sqq. 

of  cell-wall,  541 

external,     of     chromosomes,     492 
et  sqq. 

internal,     of     chromosomes,     483 
et  sqq. 

of  meiosis,  132 

ultra-,  547  et  sqq. 
Mecoptera,  367 
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Mecostethus,  261,  XIV 

chiasma  frequency,  294 

localisation,  99,  no 

precocity,  309 

spiralisation,  28 
MEGASPORE,  see  embryo-sac. 
MEIOSIS,  5,  88  et  sqq. 

abnormal,  372,  380,  460  et  sqq. 

displaced,  377,  397,  448 

first     metaphase,      106     et     sqq., 
525  et  sqq.,  IV,  VI,  VIII,  XIV 

and  parthenogenesis,  451  et  sqq. 

theory  of,  see  theory. 

X-rayed,  428 
Melandrium,  367 ,  X 

chromosome  length,  56 

chromosome  size,  55 
Melanoplus,  no,  261,  292,  XVI 
Meleagris,  81 
Melopsittacus,  68 
Mendel,  135,  245,  250 
Mendelian  principles,  138,  247,  335 
Menexenus,  364 
Mermiria,  140,  364 
Mespilus,  242 

METAPHASE,    of    meiosis,    106    et 
sqq.,  525  et  sqq. 

of  mitosis,  23 

plate,  28,  235  et  sqq.,  497,  523,  525 
accessory,  526 
Metapodius,  142,  310,  313,  368,  392 
Metzner,  536 
Meurman,  158 
Miastor,  58 
MICROCHROMOSOME,     see 

fragment, 
microdissection,  35,  43 
MICRONUCLEUS,  19,  50 
microscopy,  569 
MICROSPORE,  see  pollen. 
Miltochrista,  78 
mitochondria,  9 
MITOSIS,  2,  22,  23 

abnormal,  395  et  sqq.,  420 

duration  of,  30 

failure  of,  63,  395  et  sqq. 

gonial,  28 

and  meiosis,  134 

multipolar,  64 

pollen-grain,  II,  III 

spirals  at,  XIII 

X-rayed,  427,  XII 
mitotic  constants,  52 
Mitrastemon,  94 
Moffett,  238 


molecular  change,  see  gene, 
molecular  orientation,  546 
molecular  spiral,  see  spiral, 
molecular  structure  of  spindle,   532, 

545 
MoUusca,  7,  15,  67,  469 
monaster,  535,  543 
Monocystis,  48 
MONOSOMIC,  6 J,  316 

Zea,  X 
Morgan,  250,  575 
MOSAIC,  12,  68,  246 

haploid,  385 

sex,  385 

X-ray,  425 
Mosses,  see  Bryophyta,  Funaria. 
MOTHER-CELL,  5 
MuUer,   252,    286,   330   et  sqq.,    339, 

387,  422 
multipolar  mitosis,  see  mitosis. 
MULTIVALENT,    120  et  sqq.,  ig6 
2ig 

anaphase,  411 

co-orientation,  131 

See  also  trivalent,  quadrivalent, 
etc. 
Mus  musculus,  115 
Muscari,  37 
mutation,  54,  167 

in  apomictics,  475 

from  crossing-over,  279,  345 

mass,  348,  352 

in  (Enothera,  338 

in  parthenogenesis,  298 

rate,  332 

and  unbalance,  325 

unit,  333 

X-ray,  422  et  sqq. 

Narcissus,  2iy,  318,  3ig,  402 

Nasturtium,  22y 

Natrix,  313 

natural  population,  see  population. 

Navashin,  M.,  62,  71,  73,  420,  424,  I 

Naville,  357,  374 

Nawaschin,  S.,  11,  35 

negative  correlation,  see  correlation. 

Nematoda,  367 

Neottia,  307 

Nephrodium,  436 

Neuroptera,  367 

salivary  glands,  175 
Neuroterus,  376 
Newton,  120,  189,  V 
Nezara,  358 
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Nicandra,  509 
Nicotiana,  balance,  327 

basic  number,  241 

haploid,  4iy,  444  et  sqq. 

non-reduction,  298 

origin  of  polyploids,  igo,  igi 

triploids,  210 
Nicotiana,  alata,  77,  402 

digluta,  I  go,  225 

glutinosa-Tabaciim,  iSy 

Lansdorffii,  77 

longiflora,  239 

rustica-paniculata,  187 

suaveolens,  125 
Nicotiana     Tabacum,     autosyndesis, 
214 

non-pairing,  403 

pentasomic,  321 

secondary  polyploid,  241 
structural  change,  278 
Nigritella,  469 
Nishiyama,  324 
NON-DISJUNCTION.    152   et  sqq., 

353 

chromatid,  263,  350 
NON-HOMOLOGOUS       PAIRING. 

see  pairing, 
non-reduction,  see  ameiosis. 
Nothoscordon,  79.  21^,  440. 
nucellar  embryony.  440  et  sqq. 
nuclear  cycle,  481,  561 
nuclear  division,  multiple,  49 

See  also  mitosis,  amitosis.  meiosis. 
ameiosis. 
nuclear  membrane,  see  nucleo- 

cvtoplasmic  surface. 
NUCLEAR  SAP,  24,  46,  521 
nucleo-cytoplasmic   surface,    19,    25, 

503,  544 
nucleolar      constriction,      see 

constriction. 
NUCLEOLUS.  20.  23,  98,  102 

movement  of,  46,  92 

organisation  of,  228,  304 

origin  of,  39 

salivary  glands,  176 

and  sex  chromosomes,  306,  312,  501 
NUCLEUS,  2.  9,  18  et  sqq. 

division  of,  see  mitosis,  meiosis. 

multiple  division,  49 

size  of,  20,  103 

solid  and  vesicular,  46 
Nyctereutes,  313 

Ochna,  218  et  sqq.,  438  et  sqq. 


OCTOPLOID,  215 
Odonata,  367 
CEcanthus,  36J 
CEdogonium,  5 
(Enothera,  335  et  sqq.,  VI 

crossing-over,  288 

half-mutants,  277,  345 

haploid,  262,  328,  4iy,  444,  559 

monosomic,  316 

multiple  chiasmata,  122 

mutations,  279 

non-pairing,  151 

nucleoli,  103 

progeny  of  triploids,  320 

segregation,  248 

terminalisation,  112,  511 

tetraploid,  ig4 

triploid,  157 

trisomic,  353  et  sqq. 

X-ray,  160 
(Enothera  Lamarckiana,  ig4 

trisomic,  jjp 
Oligochaeta,  534 
OLIGOPYRENE,  10 
Oncopeltus,  358 
OOCYTE,  crossing-over,  272 

meiosis,  XIV 
oogenesis,  nucleoli,  306,  312 
Ophryotrocha,  390,  534 
organiser,  see  nucleolus. 
Orgyia,  78,  162 
ORIENTATION,  auto-,  539 

centromere,  35,  523 

CO-,  131,  539 

failure  of,  526 

and  hydration,  544 

multivalents,  120,  529 

univalents,  411  et  sqq. 
Ornithogalum,  37,  81 
Orthoptera,  36y,  373 
Oryza,  125,  242,  248,  429 

haploid,  444 

triploid,  216 
Osmunda,  448 

PACHYTENE,  87  et  sqq.,  166 
in  allopolyploids,  206 
coiling,  489 

and  crossing-over,  548  et  sqq. 
forces,  492 
interlocking,  257 
(Enothera,  346 
sex  chromosomes,  368,  369 
structural  hybrid.  262,  266,  270 
in  tetraploids,  120 
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PcBonia,  162,  262 

inversion  crossing-over,  268,  IX 
Painter,  176,  368 
PAIRING,  block,  121,  127,  199 

chiasma  theory  of,  126  et  sqq. 

failure  of,  126  et  sqq.,  399  et  sqq. 

illegitimate,  214,  225 

internal,  199 

intra-haploid,  278 

localisation,  99 

loose,  166 

at  meiosis,  87  et  sqq. 

non-homologous,  166,  304,  406,  489 
in  differential  segments,  265,  368 
in  structural  hybrids,  493 

principles  of,  163  et  sqq. 

secondary,  236  et  sqq.,  2^2,  VIII 

segment,  338 

somatic,  234  et  sqq.,  553 

torsion,       see       non-homologous 
pairing. 

touch  and  go,  366,  375 

in  undefined  hybrids,  168 

See  also  zygotene,  auto-syndesis, 
alio  -  syndesis,       chiasma, 
attraction,  time-limit. 
Pallavicinia,  366 
Panorpa,  367 
Pantala,  36y 
Papaver,  202,  228,  239,  413 

hybrids,  208 
Paracopidosomopsis  (sic),  3yy 
Paramoecium,  6,  50 
Paratettix,  383,  464 
Paris,  no,  II,  XIII 
PARTHENOGENESIS,    85,    434    et 
sqq. 

cyclical,  383,  402 

in  haplo-diploids,  376 

male,  193 

of  monosomies,  316 

and  segregation,  247,  298 

and  spindle  failure,  409 
Pasteur,  549 
Patau,  180 
Pellia,  228,  308,  366 
PENTAPLOID.  215,  218,  219 
Pentstemon,  234,  VIII 
Perla,  311  et  sqq.,  363,  418 
permanence,  theory  of,  see  theory. 
Petunia,  318 

hybrid,  ig3 
Peziza,  261 
Phseophyceae,  6 
Phacellanthus,  228 


Phalaris,  228 
PhancBUs,  94 
Pharhitis,  445 
Phenacoccus,  380 
Philocamia,  58,  63 
Phleum,  i8y 
Photinus,  3y3 
Phragmatohia,  59,  78,  X 

aggregation,  58 

chromosome  length,  56 

sex  chromosomes,  358,  359 
Phrynotettix ,  89,  93,  162,  261 

resting  stage,  45 

terminalisation,  105 
Phycomycetes,  6 
Phylloxera,  402 
Physalopiera,  115 
Phytodecta,  367 
Piscicola,  533 
Pisum,  151  et  sqq.,  VI 

crossing-over,  263 

hybrid,  160 

inversions,  274 

terminalisation,  511 
plastids,  2,  9,  427 
Platypcecilus,  iy2 
Plecoptera,  36y 
Poa,  3ig,  440 
Podisma,  4g2 

Podophyllum,  acentric  fragment,  271, 
426,  IX 

chiasmata,  no 

non-congression,  526 

spindle,  532 

spirals,  117,  487 
Pogonatum,  366 

POLAR  BODY,  7,  41,  85,  459,  476 
polar  granule,  see  centromere. 
POLARISATION,     of     centromere, 

413 

leptotene,  90,  500 

telophase,  44 

of  univalents,  461 
polarised  light,  570 
pole,  see  spindle,  centrosome. 
Polemonium,  i^g,  160 
pollen,  abortion,  320,  321 

deficient,  316 

grain,  9  et  sqq.,  II,  III,  XIII 

of  haploids,  195 

of  hybrids,  195 

inactive,  340 

mitosis,  30,  396  et  sqq.,  542 

of  polyploids,  195 

segregation,  248 
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pollen — [contd.) . 

size,  221,  224 

spindle,  532 

sub-haploid,  317 

tube,  542,  XIII 

unreduced,  i8g  et  sqq. 
Polychaeta,  390 
polyembryony,  447 
Polygonatum ,  jo6 
POLYHAPLOID.  see  haploid. 
poly  mitosis,  279,  397,  333,  X 
POLYPLOID  animals,  66 

Bryophyta,  448 

gland  cells,  175  et  sqq. 

hybrids,  202  et  sqq.,  208  et  sqq. 

interchange  heterozygotes,  156 

meiosis,  119  et  sqq. 

resting  nuclei,  46 

segregation,  247 

species,  197 
polyploids,  60,  61,  75 

and  apomixis,  468,  46g 

classification  of,  183  et  sqq. 

failure  of  pairing,  165 

induction  of,  64 

inference  of,  229 

origin  of,   63,   igo,   igi,   396,   416 
et  sqq. 

pollen  grains  of,  195 

secondary,  202,  238 

See  also  triploid,  tetraploid,  etc. 
polysomy,  60,  68 
POLYTENE,  178 
Pomoideae,  79,  239 
population,  natural,  299 

in  Crepis,  70 

hybridity  of,  271 
Portulaca,  228,  445 
POSITION  EFFECT,  280,  333 
POST-REDUCTION,  see  reduction. 
Potentilla,  454,  465 
PRECOCITY,    of   anaphase 
separation,  115 

of  condensation,  308,  364,  562 
of  sex  chromosomes,  380,  390 

of  metaphase,  413 

of  prophase,  309,  398 

theory,  see  theory, 
pre-reduction,  see  reduction. 
Primula,  tetraploids,  2iy 

triploids,  217 
Primula  kewensis,  igo,  ig3,  248 

differential  affinity,  198 

diploid,  iy2 

pairing,  184  et  sqq. 


Primula  kewensis — {contd.). 

secondary  segregation,  278 

unbalance,  323,  400 
Primula  malacoides,  125 
Primula  ohconica,  224 
Primula  sinensis,  105,  185 

polyploid,  121  et  sqq. 
Pristiurus ,  94,  103 
PRO-CHROMOSOMES,  45,  307 
progeny  tests,  2g8 
PRO-METAPHASE,  236,  527,  545 
PROPHASE,  503  et  sqq. 

of  meiosis,  87,  89  et  sqq. 

of  mitosis,  22  et  sqq. 
Protenor,  358 
PROTHALLIUM,  6 
Protista,  2  et  sqq.,  13,  85 

centrosome,  533,  534 

mitosis,  47 

nucleoli,  21 
PROTOPLASM,  I 
Protortonia,  379,  381 
Primus,  79,  VIII 

autosyndesis,  203 

chiasmata,  508 

hybrids,  iy2,  igj 

multivalents,  128,  132 

new  species,  234 
Prunus  avium  syndiploidy,  66 
Prunus  cerasus,  242 
Prunus  laurocerasus,  197 
Pseudococcus,  310,  379 
PSEUDOGAMY,  454,  464 
Psilotum,  535 
Pteridonea,  syy 
Pteridophyta,  7,  246,  436 
Pungiiius,  536 
Puschkinia,  27,  III 
Putorius,  XI 
Pygcsra,  iy3,  210  et  sqq. 

hybrids,  418 

non-pairing,  400,  404 

segregation,  247 

tetraploids,  183,  igi 

triploids,  67 
Pyrus,  128,  202,  238 

balance,  326 

QUADRIVALENT,    120,    128,    183 

et  sqq. 
crossing-over,  518 
Hyacinthus,  127 
segregation,  196 
types,  124 
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qualitative  differentiation,  see 

differentiation, 
quantitative  data,  see  also  statistics. 

nuclear  size,  46 

spiralisation,  31 

timing  of  division,  31 
quart,  in  a  pint  pot,  84 

race,  374 

geographic,  228,  361,  384 

in  Drosophila  pseudo-obscura,  181 
Rana,  15,  jpj,  466 
Ranunculaceae,  84 
Ranunculus,  115,  402 

fragments,  72  et  sqq. 
Raphanus-Brassica,  181  et  sqq.,  190, 

193 

pairing,  174,  210  et  sqq. 

polyploid  gametes,  416 

segregation,  248 

syndiploidy,  66 
Rattiis,  no,  310,  368,  370,  XI 
REDUCTION,  85,  249 

division,  see  meiosis. 

double,  518 

failure  of,  188 

numerical,  252 
reductional  separation,  252,  2G1 
REDUPLICATION,  see  duplication, 
regeneration,  448 
Renner,  248,  338,  577 

effect,  340 
reproduction,  gene,  182,  331 

semi-clonal,  463 

sexual,  4,  219,  300,  434 

sub-sexual,  477 
Reptilia,  82 

repulsion,    103   et  sqq.,  481   et  sqq., 
503  et  sqq. 

between  centromeres,  152,  235 

body,  524,  528 

centrosome,  525,  531 
resting  nucleus,  23,  34,  42  et  sqq.,  426 
RESTITUTION     NUCLEUS,     297, 

414,  436,  454 
Rhabdilis,  311  et  sqq.,  404,  450,  464 
Rhodites,  450 
Rhodophyceae,  6,  7 
Rhceo,  80,  151,  160,  338,  VI 

coiling,  4g2 

ring  formation,  154 

terminalisation,  112 
Rhogostoma,  31 
Richardson,  268 
Ribes,  56,  79,  173,  567 


RING     chromosomes,     at     meiosis, 
bivalents,  108 
interlocking,  256 
multivalents,    124,    128,    149   et 

sqq. 
and  segregation,  248 
at  mitosis,  24,  272,  424,  502,  554 
in  Crepis,  73 
in  Zea,  74,  557 
Ring    formation,    with    interchange, 

149,  340 
Rosa,  conditional  precocity,  314 

interchange,  156,  J59,  161 

pollen  grains,  224 

polyploidy,  227 

terminalisation,  508,  511 

univalents,  418 
Rosa  canina,  460  et  sqq. 
Rosaceae,  326 

Rosenberg,  45,  413,  453,  456 
Rotifera,  376,  459 
Roux,  22 
Rubus,  hybrids,  194,  208 

polyploidy,  189,  igo,  igi 

pseudogamy,  465 

secondary  pairing,  238 
Rumex,  basic  number,  239 

intersexes,  387 

trisomic,  364 
Rumex  acetosa,  79,  199,  364 

fragments,  145 
Rumex  acetosella,  161,  214 
Rumex  Hydrolapaihum,  197,  225 

Saccharomyces,  10 

Saccharum,  igi,  314,  402 

Sagittaria,  no,  487 

Sakamura,  IV 

Salamandra,  28,  536 

salivary    glands,    175    et   sqq.,    308, 

•396,  VII 
Salvia,  173 
Sansome,  263,  VI 
Saprolegnia,  82,  83,  442 
SATELLITE,  see  trabant. 
Saturnia,  igi 
Sax,  487,  570 
Saxifraga,  igo 
Schistocerca,  82,  125,  129 
Schizophyllum,  442 
Schrader,  381,  431,  543 
Sciara,  iy8,  543 

chromosome  diminution,  ^S 
scientific  method,  298,  302,  333,  479 

etsqq.,  563 
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Scilla,  403,  437 
Scolopendra,  103 
Scolopendrium ,  436,  448 
Secale,  fragment,  144,  147,  528 

interchange,  71,  147,  160 

interference,  293 

inv^ersions,  2J4,  279 

semi-precocity,  400,  407 

trisomic,  jig 
second  division,  of  meiosis,  89,  119 
secondary  balance,  see  balance. 
SECONDARY     PAIRING,     see 

pairing. 
SECONDARY     POLYPLOID,     see 

polyploid. 
Sedum,  36  y 
seed  mutations,  421 
SEGMENT,   see  interstitial  pairing, 

differential,  interchange, 
segmental     interchange,     see 

interchange, 
segmentation,  see  cleavage. 
SEGREGATION,  135,  245  et  sqq. 

in  allotetraploids,  186 

in  autotetraploids,  186 

chromatid,  285 

in  complex  heterozygotes,  336  et 
sqq. 

and  mutation,  339 

secondary,  205,  225 

and  sex  determination,  336 

without  reduction,  296 
Seller,  359 

semi-permeable  membrane,  19 
SET,  see  chromosome, 
seta,  38 
Setcreasia,  iii 

sex,  determination  of,  249,  335,  356 
et  sqq.,  383  et  sqq. 
haplo-diploid,  376 
SEX  CHROMOSOME,   141,   356  et 
sqq.,  X,  XI 

differential  affinity,  199 

inert  parts,  330  et  sqq. 

loss  at  mitosis,  68 

mitosis,  53 

precocity,  308  et  sqq. 

in  salivary  glands,  177 

unpaired,  373 

Y  chromosome,   330,   356  et  sqq., 
478 
sex  linkage,  356 
partial,  372 
SEXUAL  DIFFERENTIATION,  14 
,    and  polyploidy,  67 


sexual      reproduction,      see 

reproduction. 
Sharp,  9,  578 
Silene,  227 
Simuleum,  iy8 
Smerinihus,  400 
Solatium,  basic  number,  241 

pollen  grains,  195 
Solanum    Ly  coper  si  cum,    chiasmata, 
III 

fragments,  143,  148,  330 

haploid,  417 

polyploid,  121  et  sqq. 

progeny  of  triploids,  320 

somatic  doubling,  64 

tetraploid,  183 

trabants,  37 

trisomic.  Jig,  321 
Solanum  nigrum,  haploid,   195,   201, 
442  et  sqq. 

tetraploid,  185 
Solenobia,  450,  467,  46g,  470 
somatic  doubling,  63  et  sqq.,  J^/,  235 
SOMATIC  PAIRING,  see  pairing. 
Sorghum,  404 
Spartina,  234 
species,  79 

chromosome  numbers,  229  et  sqq. 

clonal,  218,  227 

of  known  origin,  234 

polyploid,  197  et  sqq.,  220 

polyploidy  within,  226 
specificity,     see     attraction, 

differentiation, 
spermatid,  396,  410 
spermatozoid,  7,  449,  533 
SPERMATOZOON,  9  et  sqq. 

non-functional,  382 
Sphcsrocarpus,  15 

cell  size,  55 

intersexes,  387 

sex  chromosomes,  308,  331,  357 

triploid,  216 

trisomic,  69 
Sphcsromyxa,  S2,  83 
Spilosoma,  78 
Spinacia,  115,  235,  390 
SPINDLE,  bent,  413,  530 

central,  28,  542 

centromere,  531 

in  Coccidae,  380,  543 

failure  of,  405,  408  et  sqq. 

hollow,  397,  525 

intra-nuclear,  47 

at  mitosis,  23,  25 
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SPINDLE— (co«^rf.)- 
movement  of,  29 

multipolar,  523,  535 

in  polyploids,  129 

structure,  520  at  sqq. 

tri-polar,  405 
SPINDLE      ATTACHMENT,     see 

centromere, 
spindle  fibre,  26,  521 
SPIRAL,  major,  loi.  485,  IV,  XIII 

minor,  loi,  485 

molecular,  483 

relic,  33,  93.  311.  483.  H 
See  also  coiling, 
spiral  structure,  31 

See  also  coiling. 
SPIRALISATION,    25,    52,    483    et 
sqq.,  562 

See  also  coiling. 
SPIREME,  24 

continuous,  311 
Spirogyra,  20,  21,  307 
Spironema,  80,  145,  507 
split,  see  chromosome  division. 
SPORE,  5,  6,  449 

segregation,  248 
SPOROPHYTE,  6 
Sporozoa,  6 
Stadler,  422,  555 
staining  reaction,  307,  315 

centromere,  536,  XV 

centrosome,  533 
statistics,  of  chiasma  frequency,  169, 
281  et  sqq.,  400 

of  chromosome  numbers,  22g 

of  crossing-over,  281  et  sqq. 

of  fragment  pairing,  146 

of  gametes  of  triploids,  318 

of  natural  populations,  yo 

of  numbers  of  species,  230,  231 

of  pairing  frequency,  219,  400 

of  pairing  in  hybrids,  isg,  174,  lys 

of  polyploid  pairing,  126 

of  terminalisation,  508,  510,  513 

of  types  of  ring,  349 
See  also  correlation. 
Stauroderus,  261 
Stenohothrus,  96,  XV 

chiasma  frequency,  99,  294 

chromosome  size,  83 

coiling,  487 

crossing-over,  553 

deficiency,  162 

differential  condensation,  310 

duration  of  meiosis,  31 


Stenohothrus — (conid.). 

terminalisation,  575 
See  also  Chorthippus. 
sterility,  cross-,  135 

self-,  see  incompatibility. 

of  tetraploids,  187 

of  triploids,  422 
Stern,  277 

Strasburger,  572,  581 
STRUCTURAL  CHANGE,    59,    77, 
167 

classification,  69,  554,  556 

dyscentric,  55y 

eucentric,  55y 

and  genetic  change,  197 

induced,  422  et  sqq. 

inter-genic,  333 

mechanism  of,  554  et  sqq. 

natural,  419  et  sqq. 

secondary,  273,  275,  280,  351,  421 

and  spiralisation,  489 

symmetrical,  555,  556,  55y 

time  of,  71 

See  also  structural  hybrid. 
STRUCTURAL    HYBRID,    135    et 
sqq.,  260  et  sqq. 

crossing-over,  286 

dyscentric,  265 

and  sex,  363 
Sturtevant,  180,  252 
substrate,  315,  331 

effect,  497,  498,  546 
surface  charge,  see  electric  field. 
Surirella,  48 
SYNDIPLOIDY.  65 

See  also  somatic  doubling. 
Syrbula,  294 
Syringa,  41  y 
systematics,  75 

Tackholm,  460,  572 
TalcBporia,  368 
tapetum,  63 
Taraxacum,  438  et  sqq.,  457 

secondary  pairing,  242 

syndiploidy,  66 
Taxus,  146,  390 
technique,  569 

for  spirals,  487  et  sqq. 
teleology,  197,  253 

TELOPHASE,     meiosis,     305  ;      see 
also  interphase. 

mitosis,  23,  30,  33 

spirals,  4gi 
Tenebrio,  307 
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Tenodera,  364 

Tephrosia,  467 

TERMINAL         AFFINITY         see 

affinity. 
TERMINALISATION,   103  et  sqq., 
503  et  sqq. 

and  coiling,  488 

in  fragments,  143 

and  interlocking,  257 

in  (Enothera,  342 

in  polyploids,  120 

in  sex  chromosomes,  357 

in  unequal  bivalents,  261 
Tetranychus,  277 
TETRAPLOID,  63,  1S3 

animals,  66 

configurations  at  meiosis,  124 

constitution,  61 

hybrids,  203  et  sqq. 

interchange  heterozygote,  158 

meiosis,  120  et  sqq. 

segregation,  286 

species,  217,  230 

See    also    polyploid,    auto-    and 
allo-polyploid. 
TETRASOMIC,  61,  322,  325 

segregation,  249 
Tettigidae,  281 
Tettigidea,  145 
Tettigonia,  82,  311,  4gi 
Thalicirum,  453 
Thallophyta,  6,  441 
Thea,  217 
theory,  balance,  of  mitosis,  544,  545 

of  body  repulsions,  514,  524,  527 

chiasma,   of  pairing,    126  et  sqq., 
164,  236,  300,  337 

chiasmatype,  250,  516,  518 

chromosome,  244 

co-orientation,  538,  539 

crossing-over,  250  et  sqq.,  547  et 
sqq. 

of    differential    segment,    346    et 

sqq..  349.  365 
of  evolution,  see  evolution, 
of  the  gene,  245,  332,  502 
of  genetic  balance,  315,  385 
of  genotypic  control,  53,  399 
of  heterochromatin,  307 
of  heterosis,  136 
of  hysteresis,  483,  550 
of  illegitimate  crossing-over,  275, 

575 
of  inert  genes,  329 
of  localisation,  99 


theory — (contd,) . 
Mendelian,  245,  250 
of  molecular  spirals,  483  et  sqq. 
of  mutation,  328,  345 
of  negative  correlation,  293 
of  old  clones,  421 
of  origin  of  apomixis,  434  et  sqq. 
of  permanence  of  chromosomes,  40 
of  centromeres,  536 
of  centrosomes,  534 
of  pre-  and  post-reduction,  262 
of  precocity  of  meiosis,  113,   132 
et  sqq.,    433,    473   et  sqq.,    481 
et  sqq.,  486 
of  reciprocal  chiasmata,  371 
of  relational  coiling,  489,  548 
of  secondary  segregation,  225 
of  specific  attraction,  492 
of  structural  change,  554 

secondary,  275 
of  sub-sexual  reproduction,  477 
of  terminal  affinity,  517 
of  terminalisation,  495 
of  the  time-limit,  99  et  sqq.,  123, 

134,  166,  279 
of  torsion  pairing,  493 
Thismia,  438 
Thomas,  399 
Thyanta,  358 
thy  mo-nucleic  acid,  20 
Thysanoptera,  376 
time  limit,  in  pairing,  see  theory. 
Timofeeff-Ressovsky,  422 
Tinney,  308 
tissue  culture,  571 
tomato,  see  Solanum  Ly coper sicutn. 
TORSION,  179  et  sqq. 
pairing,  166 

See  also  non-homologous  pairing. 
TRABANT,  37,  38,  305,  499 

lateral,  424 
Tradescantia 

centromere,  528,  XV 

chromosome  size,  54 

coiling,  487  et  sqq.,  IV,  XIII 

fragments,  71,  142 

mitosis,  30,  31 

nucleoli,  306 

pollen  grains,  221,  532,  III 

of  triploid,  318 
somatic  interchange,  421 
terminalisation,  11 1,  113 
X-ray  breakage,  425 
TRANSLOCATION,  59,  69,   555  et 
sqq. 
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TRANSLOCATION— (con/^.)  • 

heterozygote,  265 

lateral,  74 

reciprocal,  see  interchange. 
Trialeurodes,  jyy,  450 
Trichoniscus,  216,  469 
Trichoptera,  9^,  358,  368 
Tricyrtis,  III 
Trillium,  no,  2^4,  487 
Trimerotvopis,  153,  261,  264 
TRIPLOID,  and  apomixis,  470 

constitution,  61 

crossing-over,  284,  551 

Hahrobracon,  379 

hybrid,  187  et  sqq. 

interchange,  157 

inversions,  271,  279 

origin  of,  67 

pachytene,  493 

progeny,  317  et  sqq.,  326,  32 j 
Tripsacum,  igi,  208,  446 

See  also  Zea. 
Trirhabda,  358 
TRISOMIC,  319 

constitution,  61 

mutation,  69 

(Enothera,  338,  353,  448 

origin,  68 

Rumex  acetosa,  364 

secondary,  148 

secondary  change,  279 

sex  chromosomes,  385,  386 

tertiary,  156 

true  breeding,  353  et  sqq. 

Zea  Mays,  282 
Triticum,  haploid,  201,  417,  444 

interchange,  157,  160,  161 

spindle,  530 

failure,  408  et  sqq. 

triploid  progeny,  317  et  sqq. 
Triticum  hybrids,  772,  j/j,  204 

meiosis  in,  414 

non-reduction,  4iy 

pairing,  2og  et  sqq. 
Triticum  durum,  170 

monococcum,  311,  417 

turgidum,  170 

vulgar e,  200,  278 
unbalance,  323 
Triticum-^ gilops  hybrids,   161,   i6g, 

174 
haploid,  201,  418,  445 
tetraploid,  185  et  sqq.,  igo 
Triton,  523,  533 

chromosome  size,  55 


TRIVALENT,  120,  124,  128 

Hyacinthus,  130 
inversions,  272 
orientation,  131,  529 

.     Tulip  a,  122 

Tryxalis,  311 

Tulipa,  V,  XII 

chromosome  number,  84 
doubling  in  embryo-sac,  67 
first  metaphase,  122 
inversions,  265,  IX 
pollen  grains,  396 
spirals,  4gi ,  XIII 
terminalisation,  513 
triploid  meiosis,  119 
triploids,  216,  2iy 
univalents,  411 

Tulipa  Clusiana,  215,  226 

Tulipa  galatica,  63 

fragments,  72,  145,  531 

Turbellaria,  7 

twin  seedlings,  447 


Ulothrix,  458 

ultra-violet  irradiation,  422 

ultra-violet   photographv,    180,    334, 

423,  563,  XV 
unbalance,  see  balance. 
UNIVALENT,  123,  132,  164  et  sqq., 
410  et  sqq. 

and  cell-wall,  545 

division  cycle,  538 

Hyacinthus,  127 

metaphase  plate,  530 

Rosa  canina,  462 

secondary  pairing,  242 
Urechis,  535 
Uredineae,  458 
Urginea,  129 
Uvularia,  69,  114,  221 

sub-haploid,  317 


Vahlkampfia,  50,  531 
Valeriana,  228 
Vallisneria,  224,  234 
Vanduzea,  373 
Vaucheria,  458,  466 
vegetative  reproduction,  4 
Veronica,  21  j 

viability,  differential,  316  et  sqq. 
Vicia  hybrids,  55,  140,  148,  155 

trisomic,  3ig 
Vicia  Cracca,  59,  228 
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Vicia  Faha,  XII 
chiasma  frequency,  16 g,  288 
mitotic  chromosomes,  37 
non-reduction,  418 
nucleoli,  40 
X-rayed,  428 

Vicia  narhonensis,  40 

Vicia  sativa,  446 

Vilmorin,  L.  de,  13 

Viola,  chromosome  length,  56 
hybrids,  171,  20 g 
non-pairing,  400,  404 
polyploid  species,  228 

Viola  Kitaibeliana,  227,  228 

Viviparus,  256 

vivipary,  440 

Vries,  H.  de,  338 


W-CHROMOSOME,  583 
Weismann,  5,  85,  244,  302,  477 
Wenrich,  105 

Wettstein,  F.  v.,  222,  448,  466 
White,  427,  431 
Whiting,  378 
Wilson,  142,  358,  574 
Winge,  229,  388 
Winiwarter,  de,  572  et  sqq. 
Winkler,  434,  572 


X-CHROMOSOME.    see    sex 

chromosome. 
X-ray,  331,  422  et  sqq. 

and  crossing-over,  553 

effects,  71,  555  et  sqq.,  XII 

and  gene  anal3'sis,  334,  564 

photography,  564 

on  pollen,  316 

technique,  571 


Yamamoto,  365 
Y-CHROMOSOME,    see    sex 

chromosome. 
Yucca,  81,  294 

Zacintha,  82 
Z-CHROMOSOME,  583 
Zea   Mays,    asynapsis,    291,    399    et 
sqq.,  418 

B  chromosomes,  314,  493,  498 

centromere,  536 

chiasmata,  282 

crossing-over  map,  283 

dioecious,  388 

endosperm,  12 

fragment,  14!) 

haploid,  445 

hybrid,  igi,  208 

interchange,  262,  282,  430 

inversion,  265  et  sqq. 

irradiation,  422  et  sqq. 

monosomic,  61,  316,  X 

non-homologous  pairing,  166 

pachytene,  93.  166,  262,  304 

polymitosis,  279,  397,  X 

progeny  of  triploid,  320 

ring  chromosome,  74,  557 

segregation,  248 

"  sticky  "  chromosomes,  420 

terminalisation,  iii,  510,  511 

triploid,  119,  216 

trisomic,  282,  jrp 
Zea-Euchlcena  hybrids,  284,  404 
Zebrina,  80 
Zephyanthes,  438,  453 
Zygopetalum,  440 
ZYGOTE,  5 
ZYGOTENE,  87  et  sqq. 

polyploid,  119  et  sqq.,  120,  V 
zygotic  reduction,  6 
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